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ABSTRACT
Technetium Sulfide:
Fundamental Chemistry for Waste Storage Form’s Application
By
Maryline Ferrier

Dr. Kenneth Czerwinski, Advisory Committee Chair
Professor of Chemistry
University of Nevada, Las Vegas

Technetium is the lightest radioelement. Thirty four isotopes are known, the two
main isotopes being 99mTc and 99Tc. The isotope 99mTc (T1/2 = 6.01 hours, γ = 140.5 keV) is
used for diagnostics in nuclear medicine, while 99Tc (T1/2 = 2.13 x 105 years, β = 294 keV)
is a major fission product of the nuclear industry with about 6% yield from

235

U by

thermal neutrons. Technetium exhibits nine oxidation state (-I to VII) and an extensive
set of mixed oxidation states due to polynuclear complex formation. Under oxidizing
conditions between pH 0 and 14, the aqueous chemistry of Tc(VII) is dominated by the
TcO4- which is highly mobile in the environment. The high production rate, mobility, long
half-life and radiotoxicity make

99

Tc an isotope of concern in nuclear waste

management.
Despite its important role in radiopharmaceuticals and in the nuclear fuel cycle, the
fundamental chemistry of technetium is not as well developed as that of the
iii

neighboring transition metals; one of the most striking examples being its sulfide
chemistry. Only two technetium sulfide compounds had been reported: Tc2S7 and TcS2.
Even though technetium heptasulfide was studied, with some uncertainty in its solid
state characterization, the speciation of the supernate during the reaction had never
been explored. Reactions of pertechnetate in various sulfuric acid molarities with
hydrogen sulfide were studied. Precipitates, Tc2S7, were analyzed by Energy Dispersive
X-ray (EDX) and X-ray Absorption Fine Structure (XAFS) spectroscopy and compared to
previous studies and other transition metal sulfide characterizations. Analyses of the
supernates by UV-Visible and XAFS spectroscopies were able to suggest speciation of
pertechnetate in sulfuric acid under reducing conditions. While TcS2 has been
unambiguously characterized and synthesized, new routes of synthesis were explored
and the solids obtained were analyzed by XAFS spectroscopy. Synthesis of ternary
technetium sulfides in acetonitrile with bis(trimethylsilyl) sulfide was also examined.
Those studies related to the synthesis and behavior of different technetium
materials will permit an increase in the scientific knowledge related to technetium
sulfide chemistry. They will improve the fundamental understanding of behavior of 99Tc
in repository conditions, which are potentially varied, and thus improve waste forms
development.

iv
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1.1

CHAPTER 1: INTRODUCTION

Background
In the United States as of October 2014 there are 100 commercial nuclear

generating units licensed to operate with a total capacity of 98,951 MWe, and three
units under construction. Of the operating plants, 65 are pressurized water units and 35
are boiling water reactors. Since 2001 these plants produced on average approximately
19 % of the nation's total electric energy consumption of 800 TWh. The Department of
Energy stated that there are “millions of gallons of radioactive waste” as well as
“thousands of tons of spent nuclear fuel and material” from this activity.[1] For this
reason, the back end of the nuclear fuel cycle is an important area of investigation.
In the world, there are two major policies for handling spent fuel and the highly
radioactive fission products. The first one is to store the fuel as it is after use in reactors
in temporary facilities, usually with the intention to finally deposit them in underground
vaults. The second one is the recycling/reprocessing concept to reuse uranium and
plutonium, and to solidify and store the fission products in underground vaults. No
permanent disposal facility for high level waste exists in the United States. Spent fuel
rods are shielded and packaged to prevent leaking and to provide optimal storage in
temporary storage, mainly at nuclear power plants, in water filled pools or dry casks.[2,3]
The ultimate disposal is expected to be in an underground repository environment.
Recently, deep borehole disposal of radioactive waste has been under study
extending ultimate disposal options.
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[4]

,

In the management of radioactive waste, the radiotoxicity and the chemistry of the
hazardous constituents of fission products and residual fuel need to be taken into
account. The fission product

99

Tc (T1/2 = 2.13x105 years, β- = 294 keV) is produced in

appreciable amounts during the burning of nuclear fuel from fission of

235

U and

239

Pu,

making up 6% by mass of the fission products.[5] If the spent fuel inventory is estimated
at 60,000 tons
burn up

[5]

[6]

, having a production of 1 kg of

, the estimated quantity of

99

Tc per ton of spent fuel at a typical

99

Tc in U.S. is 60 tons. In the used nuclear fuel,

technetium is present in its metallic form in the uranium oxide matrix and in an alloy
with Mo, Ru, Rh, Pd often called the “epsilon phase”.[7,8,9] During PUREX reprocessing,
the spent fuel is contacted with hot nitric acid and the technetium present in UO2 is
oxidized to pertechnetate (TcO4-) while the epsilon phase remains largely undissolved
[10]

. This results in approximately 5 – 10 kg of insoluble residues per ton of spent

fuel.[11,12] Most technetium ends up in the high activity waste of reprocessing plants.

Development of waste forms for technetium and its immobilization in repository
sites have been motivated primarily by its half-long life and the mobility of the
pertechnetate ion. Pertechnetate is the most stable form of technetium under nonreducing environments.[13] In order to store technetium for long periods of time after
fuel treatment, it is important to consider waste forms with a low solubility and
subsequent radionuclide mobility within the environment. A final technetium waste
package has not been chosen yet, but various studies are in progress (Table 1.1)
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Table 1.1. Potential waste forms for Tc

Waste form

Compound

Reference

Tc salt

TPPy-TcO4 salt

[14]

Tc alloy

Stainless steel – Zr alloy

[15]

Ru-Tc alloy

[16]

Mo-Ru-Pd-Tc-Rh alloy

[9]

Mo-Ru-Tc-Pd-Rh-Te alloy

[17]

Oxide

Ln2Tc2O7 (Ln = lanthanide)

[18]

Glass

Borosilicate

[19]

A number of studies on potential technetium waste forms have been performed.
The synthesis, characterization and solubility of tetraphenylpyridinium (TPPy+)
pertechnetate had been determined. The compound has a lower solubility than most
other pertechnetate salts and was proposed as a solution to immobilize technetium.[14]
Also, stainless steel alloyed with zirconium has the potential for use as high level nuclear
waste forms.[20] It was found that technetium is incorporated in all phases of the SS15%Zr alloy and discrete Tc-rich phases were not observed in the alloy
microstructure.[21] The leaching behavior of Mo-Tc-Ru-Pd-Rh-Te alloy was determined
under anoxic conditions and showed a similar leaching rate for

99

Tc and

100

Mo which

were three orders of magnitudes higher than those for Ru, Rh and Pd.[17] Synthesis of
Ln2Tc2O7 phase has been performed. The study showed the incorporation of Tc into a
solid state refractory oxide with a reduced valence state.[18] Borosilicate glass also has
been studied for a wide range of waste streams. Process models have been developed
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[22]

and durability models have been performed to calculate dissolution rates for long-

term disposal [23].[15]
Even if Tc-Zr alloys or other compounds seem to be promising waste forms,
investigation of alternative materials is needed. Innovative studies related to the
synthesis and behavior of different technetium materials will permit an increase in the
scientific knowledge of fundamental technetium chemistry as well as waste forms
development. It will allow a better understanding of

99

Tc behavior in repository

conditions, which are potentially varied and currently undefined. In this context,
rhenium is usually used as a surrogate to predict the behavior of technetium. Previous
studies have shown that the solubility of ReS2 is about two orders of magnitude less
than that of ReO2. For this reason, it was proposed that TcS2 may be a stable Tc-bearing
phase in geological repositories.[24] As a result, acquisition of new fundamental
knowledge on technetium sulfide chemistry could be useful for development of novel
waste forms as well as extending the fundamental knowledge of this element. The
synthesis and characterization of technetium sulfur species is explored in this work to
provide details and insight into technetium fundamental chemistry and potential waste
forms application.

Chapter 1 is a bibliographic study on the fundamental and applied chemistry of
technetium. In this chapter, transition metal sulfide chemistry is examined and
compared. Chapter 2 outlines the materials and methods used in this work. This consists
of the description of the starting compounds’ syntheses, the types of reactions
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employed and the characterization techniques performed. Chapter 3 focuses on Tc2S7
precipitates from the reaction between pertechnetate and hydrogen sulfide in different
sulfuric acid concentrations as well as the supernates of these reactions. This chapter
will explain the mechanism of precipitation by comparing it with other transition metal
sulfides and studying the speciation in solution. It also will show speciation of
technetium in sulfuric acid under reducing conditions. Chapter 4 presents various
synthetic paths possible to produce technetium disulfide solids and their
characterization by X-ray Absorption Fine Structure (XAFS) spectroscopy. Chapter 5
examines different reactions between various technetium compounds with the sulfur
agent bis(trimethylsilyl) sulfide – (Me3Si)2S. Reactions were performed at low
concentration as well as larger scale reactions. Solution reactions were followed by UVVisible spectroscopy and/or by mass spectrometry; precipitates from larger scale
synthesis were analyzed by Energy Dispersive X-ray (EDX) and/or XAFS spectroscopies.
In Chapter 6 conclusions and future work are presented.

1.2

Technetium background
Technetium (element 43) was the first element to be produced artificially. Its name

comes from the Greek technetos which means artificial. This element was discovered by
Perrier and Segrè in 1936.[25] It was found that the chemical behavior of element 43 had
a close resemblance to rhenium. In order to concentrate technetium, manganese and
rhenium were used as carriers; passing hydrogen sulfide in the acidic solution resulting
in the precipitation of a radioactive black sulfide compound.[25,26] Thirty four technetium
5

isotopes have been found. The isotope 99mTc (T1/2 = 6.01 hours, γ = 140.5 keV) is used for
diagnostics in nuclear medicine while

99

Tc (T1/2 = 2.13x105 years, β = 294 keV) is a

prominent fission product.[8]
Technetium is a group 7 transition metal. The electronic configuration of technetium
in its fundamental state is [Kr] 4d5 5s2 and the first metastable state [Kr] 4d 6 5s1.[11]
Technetium has a rich and a complex redox-chemistry. This element exhibits nine
oxidation states (from -I to VII) and an extensive set of mixed oxidation states due to bior poly- nuclear complex formations.[25] These variable oxidation state profoundly
influences technetium chemistry, impacting the fuel cycle in the separation process and
immobilization in a durable waste form.

The Eh-pH diagram of technetium (Figure 1.1) shows that only Tc(VII) as TcO4-, Tc(IV)
as TcO2 and Tc(0) as the metal are thermodynamically stable in aqueous noncomplexing media. The silvery-grey metal technetium, considered as a noble metal, has
a common zone of stability with water.[27] The solubility of technetium in aqueous media
is highly dependent on its oxidation state. Compounds with Tc(VII) are generally very
soluble while Tc(IV) species show relative low solubility.[28] It was found that solubilities
of Tc(IV) oxides are pH dependent. The solubility varied from (2.61 + 0.62) x 10-9 mol/L
and (2.56 + 0.54) x 10-9 M in NaCl (pH 7 to 9)
media.[30]
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to (1.32 + 0.68) x 10-8 mol/L in acidic

Figure 1.1. Eh-pH diagram of Tc-O- H system, [Tc] = 10-10 M, 25 °C, 1 bar [27]

According to the Eh-pH diagram (Figure 1.1) and the theoretical diagram of
corrosion, in reducing, non-acidic conditions metallic technetium is stable in aqueous
non-complexing solutions.[8] In slightly oxidizing conditions technetium metal can be
passivated by a thin layer of insoluble TcO2. In strongly oxidizing conditions technetium
metal dissolves as TcO4-. The metal form slowly tarnishes in moist air. It dissolves in
aqua regia, nitric acid, and concentrated sulfuric acid, but it is stable in hydrochloric
acid.[8]
It was shown that TcO4- can be removed from a solution after reduction to Tc(IV) at
lower Eh conditions. Figure 1.2 suggests that an important part of TcS2 stability region
7

may affect Tc(VII) reduction. Sulfide-rich zones may be effective in promoting Tc(VII) to
Tc(IV) reduction by formation of TcS2.[31] In this context, previous studies have shown
that the solubility of ReS2 is about two orders of magnitude less than ReO2 and it was
proposed that TcS2 may be a stable Tc-bearing phase in geological repositories.[31]

Figure 1.2. Eh-pH diagram of Tc-S-O-H system, [Tc] = 10-8 M, [S] dissolved = 10-3 M, 25 °C, 1 bar [31]

1.3

Sulfur Chemistry
A steady growth of well-defined metal sulfide complexes and metal-mediated sulfur

atom transfer reactions comes from the convergence of several distinct interests.
Understanding their structures, properties and intrinsic reactivities was one driving
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factor. Organic chemists focused their attention on sulfur atom transfer reactions to
develop synthetically useful transformations. Transition metal mediated oxo-transfer
reactions comprised by far the greatest number of these reactions and have been
subject of several comprehensive reviews.[32] Different sulfur agents can be used to
produce

any

transition

metal

sulfide

compounds

when

the

reaction

is

thermodynamically favorable. Those agents can be separated into two main groups:
sulfur atom donors and oxo-for-sulfido exchange reagents. The dissertation will focus on
sulfur, hydrogen sulfide and bis(trimethylsilyl) sulfide as the reagents.
The allotropes of sulfur are most frequently used as donors when coupled to strong
sulfur atom acceptors. Thermodynamic data do not suggest any of the cyclic allotropes
to be especially active sulfur atom donors to weak acceptors.[32] Elemental sulfur is one
of the best investigated chemical elements but it represents also one of the most
complex systems due to its large number of allotropes.[33] Under normal conditions,
sulfur atoms form cyclic octatomic molecules as S8. Chemically, it can react as either an
oxidant or a reducing agent. Octasulfur is a bright yellow solid that melts at 115.21 °C,
boils at 444.6 °C and sublimes easily. At 95.2 °C, it changes from α-octasulfur to the βpolymorph maintaining a ring configuration. Between its melting point and its boiling
point it changes to a polymerized γ-sulfur. At all temperatures, liquid sulfur consists of a
complex mixture of all homocycles from S6 to at least S35 and of larger polymeric
molecules of cyclic and chain-like structure (S∞). At temperatures above 250 °C, smaller
molecules such as S5, S4, S3 and S2 are also likely components of the liquid as the
composition of the equilibrium vapor demonstrates. Sulfur vapor contains all molecules
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between 2 and 8 atoms which are related by temperature and pressure. Some of these
species occur as several isomers, with larger molecules like S9 and S10 present in trace
amounts. At the melting point of 120 °C liquid sulfur is yellow, with increasing
temperature the color changes to orange and then dark-red to dark red-brown. The
saturated sulfur vapor shows the same colors.[33] Sulfur is insoluble in water but soluble
in carbon disulfide and less so in benzene and toluene.
Hydrogen sulfide is not commonly employed as a sulfur atom donor reagent, mainly
because of the inconvenience of working with a corrosive toxic gas. In most of the
systems studied when H2S(g) functions as a bonafide sulfur atom donor, an equivalent of
H2(g) is generated as byproduct.[32] Hydrogen sulfide acts as a reducing agent. It is slightly
soluble in water and behaves as a weak acid, giving the hydrosulfide ion HS - with a pKa =
6.9 in 0.001-0.1 mol/L solutions at 18 °C. A solution of H2S in water is initially clear but
over time turns cloudy due to slow reaction with oxygen dissolved in water yielding
elemental sulfur which precipitates. The sulfide dianion S2- exists only in strongly
alkaline aqueous solutions.
When reacted in sulfuric acid, hydrogen sulfide is first oxidized by molecular sulfuric
acid, forming SO2, sulfur and water, and then the H2S may react with the dissolved
product, SO2, to generate sulfur and water. In 5.6 M H2SO4 between 21 °C and 50 °C, H2S
did not react with HSO4- and SO42-.[34] In concentrated sulfuric acid, two reactions seem
to occur. The first is between H2S and molecular H2SO4 (Equation 1.1), then H2S reacts
with the produced SO2 (Equation 1.2).[34]
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H2S + H2SO4 = S + SO2 + H2O

Equation 1.1

2 H2S + SO2 = 3 S + 2 H2O

Equation 1.2

It was found that those two reactions are in agreement with the mass balance
measurements leading to an overall reaction (Equation 1.3) with a variable
stoichiometry coefficient z strongly dependent of the acid concentration:[34]
(1+2z) H2S + H2SO4 = (1-z) SO2 + (1+3z) S + 2(1+z) H2O

Equation 1.3

Oxo-for-sulfide exchange is a second method for the synthesis of molecular sulfides.
Bis(trimethylsilyl) sulfide, also called hexamethyldisilathiane will be referred as (Me3Si)2S
in this work. This compound has the ability to react with metal oxides through oxo-forsulfido exchange. This was first noted in 1974; since then, it has been used to transform
terminal oxo ligands into corresponding sulfido ligands in a variety of metal
complexes.[35] In at least one system, it has been found to exchange a bridging oxide for
sulfide as well.[32,36] This sulfur agent has been observed to operate by initial silylation of
the terminal oxo ligand to form a trimethylsilyloxy species, an intermediate that had
been characterized. Subsequent steps are less clear but may involve a second silylation
with concomitant nucleophilic displacement of (Me3Si)2O by the Me3SiS- anion.[37] Its
efficiency is thermodynamically driven, the Si-O bond is more favorable and more stable
than the Si-S bond.[38] The advantage of this compound as a chalcogen exchange reagent
is its commercial availability. It is also a liquid at standard temperature and pressure and
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it is freely miscible with common organic solvents. It was shown that acetonitrile is the
most efficient solvent.[39] This liquid is a useful aprotic source of S2- in chemical
synthesis. This enables work with homogeneous solutions and both (Me 3Si)2S, if used in
excess, and (Me3Si)2O can be removed under vacuum or by washing with an appropriate
solvent.[32] The compound readily reacts with water, including atmospheric moisture
(Equation 1.4):
(Me3Si)2S + H2O → (Me3Si)2O + H2S

Equation 1.4

In general, it was found that (Me3Si)2S has a high reactivity with a wide range of
compounds, including thioketones, transition-metal halides and oxides. This compound
reacts with metal oxides and chlorides to convert them into the corresponding sulfides,
exploiting the affinity of Si(IV) for oxygen and halides. By using this compound, reactions
are performed under very mild conditions, minimizing side reactions and the
stoichiometry is strictly controlled.

1.4

Transition metal sulfides
Transition-metal sulfides (TMS) have been intensively studied over the years, due in

part to their importance in catalysis and biomedical applications.[40-44] Various type of
transition metal sulfides; tetrathio-metallates, TMS with d0 configuration, transition
metal disulfide and technetium sulfide compounds, are described below. A brief
comparison of tetrathio-metallates and sulfide compounds for metal surrounding
technetium will be presented.
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1.4.1 Tetrathio-metallates
Among TMS, the tetrathio-metallates MS4n-, (M = Re, W, Mo, Nb, Ta, V; n = 1-3) have
received considerable attention and contributed to the development of transition metal
sulfur chemistry.[45-47] In particular, the tetrathio-metallate anions MS4n- (M = V, Mo, W,
Re; n = 1-3) were studied since they can serve as primary precursors for the synthesis of
a diverse array of compounds. For example, salts of ReS4- have been used as precursors
to binary rhenium sulfides such as ReS2 and Re2S7.[48]
Various methods have been reported for the synthesis of tetrathio-metallates. Some
group V transition metals; VO(OMe)3, Nb(OEt)5, Ta(OEt)5, when reacted with (Me3Si)2S
and LiOMe in MeCN produce tetrathio-metallate compounds MS43- (M = V, Nb, Ta).[49]
The most common method is the reaction between MO4n- (M = Re, Fe, Mn, Cr, Rh; n = 13) and hydrogen sulfide (H2S(g)) in aqueous media.[43] It was found that the reaction
between a perrhenate salt and a polysulfide solution can produce ReS4- salts in 98 %
yield.[46] In contrast, MS4n- species (M = Mo, W, n = 2) can be prepared by action of
hydrogen sulfide gas, primarily reacting with SH- on a strongly alkaline solution.[47,50] In
basic media, it has been shown that the mechanism of thiolation is the successive
replacement of oxygen in the oxometalate (MO4-, M = Mo, W, V, Re) by sulfur atoms to
form thiometalate (MOxS4-x, M = Mo, W, V, Re and 0 < x < 3). Thiometalates are more
soluble than the oxygen analogues and decompose slowly even in neutral solution. In
low pH aqueous solution, these complexes decompose either due to hydrolysis to
oxometalates, by intramolecular redox processes, or by polymerization leading to
sulfides.[50] When the concentration of H2S(g) is controlled, it is possible to obtain salts of
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the intermediate oxythio anions MOxS4-x2-.[47] All chalcogeno-metallates have strong and
characteristic absorption bands in the UV-Visible region.[50] Therefore, it is possible to
follow the successive oxo-sulfido substitutions occurring, as shown by different spectral
signatures.[51] Thus, UV-Visible spectroscopy can be used to investigate the formation
and decomposition of thio-metallate species.[52]

1.4.2 d0 configuration for transition metal sulfides
Transition metal sulfides (Nb, Ta, Mo, W, Tc and Re) in their higher oxidation state,
d0 electronic configuration, can be obtained from the reaction between MO4- with H2S(g).
The pH of the solution is a key parameter that will govern the nature of the product (i.e.,
oxosulfide or/and sulfide). In basic solution oxosulfide transition metals can be formed
(see section 1.4.1). In acidic media with molybdenum(VI) and tungsten(VI) precipitates
MS3 species are formed.[53,54,55] In neutral and acid aqueous solution condensation takes
place rapidly with probable intramolecular redox process followed by polymerization
characteristic for those metals.[50] When H2S(g) is directly bubbled through a MO4- (M =
Re or Tc) solution in acid the precipitate M2S7 is formed.[56,8]
As these compounds have been produced in solution reactions, they are amorphous
and their crystal structures have not been obtained. The most studied compound is
MoS3 and the analyses performed did not provide an exact structure. In different studies
it has been shown that MoS3 can have two types of structure, chain or triangular, and
have various proposed oxidation states (V or IV or a mixture III/IV).[57] Structure
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comparison between d0 electronic configuration precipitates will be presented in
Chapter 3.

1.4.3

Disulfides

Transition metal disulfides are of interest for many technological applications as
high-temperature lubricants, hydrogenation catalysts and batteries. [58] Various methods
have been reported for the synthesis of MS2 compounds: solid state, metathesis and
hydrothermal reactions. In general, for solid state reactions with cobalt, iron,
molybdenum and rhenium, the metal is mixed with elemental sulfur in the desired ratio
in a sealed tube under vacuum and reacted at high temperature.[44] For rhenium, even if
the quantity of sulfur is in excess, the product synthesized is ReS2.[59]
Through thermal decomposition of an intermediate metal-sulfur compound, higher
sulfides can be reduced to less sulfur rich sulfides (Equation 1.5):
∆ 750 ℃

Re2S7 →

ReS2

Equation 1.5

Treating Re2S7 at about 1100 °C in a sealed tube is necessary to obtain well-crystallized
ReS2.[60] It has been shown that at elevated temperature the reaction between
ammonium perrhenate and hydrogen sulfide gas produced ReS2.[61]

Transition metal halides (MX4: M = Ti, Mo, W; X = Cl, Br, I) can react with
bis(trimethylsilyl) sulfide - (Me3Si)2S. This compound is used as a non-aqueous,
metathetic covalent sulfur source at low temperature in an organic solvent. It was found
that the general reaction can be expressed as in Equation 1.6:
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(y/2) (Me3Si)2S + MXy → y Me3SiX + MSY/2

Equation 1.6

(M = Ti, Mo, W; X = Cl, Br, I and y = 4) [44]

A different metathetic route for preparing group 4, 5 and 6 transition metal layered
dichalcogenides has been described by precipitation or slurry reactions in non-aqueous
solutions at room temperature via the following reaction (Equation 1.7):
TX4 + 2A2S → TS2 + 4 AX

Equation 1.7

(T = group 4-6B transition metal ion, X = salt anion:
Cl-, carboxylate, A = monovalent cation: Li+, Na+,
NH4+, and Y = chalcogenide anion) [62]

The action of hydrogen sulfide on a tetravalent rhenium compound, such as the
hexachlororhenate, in low HCl or H2SO4 concentration under pressure produces ReS2
precipitates.[60] Under inert atmosphere when hydrogen sulfide is bubbled through a
solution of rhenium trichloride, rhenium disulfide precipitates.[63]

Hydrothermal reactions can also be used to prepare transition metal disulfides. The
hydrothermal reaction between Na2MoO4 and sodium thiosulfate (Na2S2O3) in water at
135 ˚C or potassium thiocyanate (KSCN) at 260 ˚C in water resulted in the formation of
MoS2.[64,65] Hydrothermal or solvothermal reactions with molybdenum, rhodium,
ruthenium and rhenium compounds with sulfur reagents were able to produce the
disulfides. In a preparation, Mo(CO)6, Ru(CO)12 or Re2(CO)10 were combined with
elemental sulfur in xylene or distilled water. This mixture was introduced in an autoclave

16

and reacted at 220 ˚C – 350 ˚C for 10 hours. After the reaction, the solid metal disulfide
product was washed, recovered after centrifugation and dried under vacuum. [66]

1.4.4

Technetium sulfides

Compared with the sulfur chemistry of the aforementioned transition metals, the
development of technetium sulfur chemistry has been rather limited and mostly driven
by radiopharmaceutical applications.[41] The search for new tracers has also led to an
increase in the number of Tc(V) and Tc(IV) complexes with a variety of sulfur core
structures (e.g., TcO(S4)-, TcN(S4)-, Tc(S6)-, Tc(S8)-).[41]
The technetium binary sulfides TcS2 and Tc2S7 have been reported. The main
reaction path to form Tc2S7 is the reaction between TcO4- and H2S(g) in acidic media (HCl
or H2SO4). However this reaction never demonstrated any evidence of the formation of
TcS4-. The compound Tc2S7 could be also prepared by treatment of acidic TcO4- solutions
with sodium thiosulfate

[67]

or thioacetamide

[68]

. Trace amounts of technetium can be

co-precipitated as sulfides with certain second and third row transition metals.[68] The
precipitation of technetium sulfide was studied from an aqueous solution of 10-5 mol/L
NH4TcO4 with 1.9x10-4 to 1.5x10-3 mol/L Na2S at pH 8.5. Chemical analysis of the black
precipitate by neutron activation yielded a composition of TcS3.23, which is close to the
expected composition ratio of Tc2S7.[69]
The exact structure and composition of Tc2S7 is still a matter of controversy.[8,70] No
diffraction studies on Tc2S7 have been reported and its crystallographic structure is still
unknown.[8] Using EXAFS spectroscopy, results indicated the presence of 7 sulfur
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neighbors at 2.37 Å and 2 technetium neighbors at 2.77 Å in the technetium first
coordination shell. It was proposed that Tc2S7 contains technetium in a reduced
oxidation state and has a structure composed of triangular Tc3(μ3-S)(S2)3S6 clusters
linked by either S22- or two S2- ligands as shown in Figure 1.3.[70]

Figure 1.3. Proposed structure of Tc3S2(S2)4 [70]

Amorphous TcS2 can be synthesized by thermal decomposition of Tc2S7 under an
inert atmosphere at 1000 °C.[71] Crystalline TcS2 has been prepared by chemical
transport along a temperature gradient of 1150 ˚C - 1080 ˚C in a sealed tube. An excess
of sulfur, along with Cl2(g), Br2(g), or I2(g) as a carrier gas, improved TcS2 transport and
formed triclinic crystals.[8] Technetium disulfide has been characterized by diffraction
techniques. The TcS2 crystallizes in the P1̅ space group and is constituted by a layer of
edge-sharing TcS6 octahedra. The unit cell may be described as a distortion of a Cd(OH)2type cell (Figure 1.4). In the compound, the Tc-Tc separation of 2.7 Å indicates the
presence of metal-metal bonding. No data concerning its solution behavior have been
reported.[72]
18

Figure 1.4. Relation between the unit cells of TcS2 (drawn line) and Cd(OH)2 type in
conventional setting (dashed line) [72]

1.4.5 Transition metals comparison
Transition-metal sulfides can be classified according to their degree of sulfur-sulfur
bonding. Sulfur-rich phases feature S-S bonding, usually in the form of persulfido units
(S22-), (e.g., FeS2). Some species, (e.g., TaS3), have both per- and monosulfido units. A
second broad class of TMS includes materials with isolated sulfide (S2-) centers, e.g.,
MoS2 and FeS. Metal-rich phases exhibit extensive metal-metal bonding, e.g., Ta3S2.
Phases with low sulfur-metal ratios are generally more thermally stable than the sulfurrich phases. Thus, phases with low sulfur-metal ratios are more amenable to high
temperature recrystallization techniques. The sulfur-rich phases are often thermally
labile with respect to the loss of sulfur, e.g., MoS 3 and Re2S7.[73] The Table 1.2 will
describe the various tetrathio-metallate and sulfide species for transition metal
surrounding technetium. Only tetrathio-metallates are observed for transition metals
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group V, VI except Cr and only Re in group VII. Intermediates showing the oxygen to
sulfur exchanges were observed for Mo, and Re. Binary sulfides vary with the centered
transition metal, but disulfide seems to be a constant for each transition metal as shown
in Table 1.2.

Table 1.2. Tetrathio-metallate and sulfide species for transition metals surrounding Tc

Transition Tetrathio-metallates Sulfide compounds known [49]
metal

known [49]

V

VS43-

VS, VS2, V3S, VS4, V2S3, V2S5, V5S4, V7S8, V3S4, V5S8

Nb

NbS43-

NbS, NbS1-x, NbS2, Nb2S8, Nb3S4, Nb1+xS2, NbS3

Ta

TaS43-

TaS, TaS2, TaS3, Ta3S2, Ta6S, Ta2S, Ta3S2

Cr

-

CrS, CrS2, CrS3, Cr2S3, Cr7S8, Cr5S6, Cr3S4

Mo

MoO3S2-, MoO2S22-,

MoS, MoS2, MoS3, MoS4, Mo2S3, Mo2S5

MoOS32-, MoS42W

WO3S2-, WO2S22-,

WS2, WS3, WS5

WOS32-, WS42Mn

-

MnS, MnS2

Tc

-

TcS2, Tc2S7

Re

ReO3S-, ReO2S2-,

ReS2, Re2S7

ReOS3-,ReS4Fe

-

FeS, FeS2

Ru

-

RuS2

Os

-

OsS2

Co

-

CoS, CoS2, Co9S8, Co3S4,

Rh

-

RhS2, Rh2S3, Rh17S15, Rh5S5

Ir

-

IrS2, Ir2S3, IrS3
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1.5

Redox potential for manganese, technetium and rhenium
It has been shown that transition sulfide chemistry varies with the metal. Table 1.2

shows that group VII elements have different behavior. Concerning binary sulfide, the
monosulfide exists only for manganese, and the compound M2S7 is formed only for
technetium and rhenium. The species MO3S- and MS4-, from the reaction between MO4and H2S, were observed only for rhenium. To understand this result the redox potential
of group VII elements were examined in acidic condition. Redox potential values for the
reduction of M(VII) to M(IV), (M = Mn, Tc, Re), according to Equation 1.8 are presented
in Table 1.3.[74] The redox equations and potentials for the system S(0)/S(-II) are given in
Equation 1.9 and Equation 1.10.[74] The large difference in the redox potentials between
technetium and rhenium could explain why no tetrathio-metallate was observed for
technetium.
MO4- + 4 H+ + 3 e- ↔ MO2 + 2 H2O

Equation 1.8

(M = Mn, Tc, Re)
S + 2 e- ↔ S2- ; E0 = -0.47 V

Equation 1.9

S + 2 H+ + 2 e- ↔ H2S ; E0 = 0.142 V

Equation 1.10

Table 1.3. Redox potential for M(VII)/M(IV) with M = Mn, Tc and Re

Transition metal

M(VII) / M(IV) [74]

Mn

1.679 V

Tc

0.782 V

Re

0.510 V
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The work described in the thesis will exploit the reactions described previously for
various transition metals and will be adapted to technetium:
-

Reaction with flowing H2S(g):
o in H2SO4 at room temperature containing TcO4- to precipitate amorphous
Tc2S7
o in H2SO4 at room temperature containing TcCl62- to precipitate
amorphous TcS2
o over Tc2(O2CCH3)5 at 450 °C to produce TcS2

-

Thermal decomposition of Tc2S7 to form TcS2

-

Direct reaction of elements, Tcmetal and S8 at elevated temperature attempting
to produce crystalline TcS2

-

Metathetic reactions using (Me3Si)2S at room temperature with various
technetium compounds (i.e., TcO4-, TcOCl4-, TcNCl4- and TcCl4) to form products
that will have exchanged their oxygen or chlorine with a sulfur atom

Details on the synthesis and characterization of the compounds are provided in the
following chapters.
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CHAPTER 2: Materials and Methods

This chapter will present materials and methods used in this work. Preparation of
technetium compounds, the different types of reactions and the various
characterization techniques used throughout the document are presented.

2.1

Materials and methods used
Caution. Techetium-99 is a weak beta emitter (Emax = 292 keV). All manipulations

were performed in a radiochemistry laboratory at UNLV designed for chemical synthesis
with radionuclides using efficient HEPA-filtered fume hoods and following locally
approved radioisotope handling and monitoring procedures.
Water was purified to > 18 MΩ cm by Milli-Q system. All other chemicals were used
as received from suppliers. The primary synthesis methods are provided below.
Different types of reactions were performed during this work (Figure 2.1 to Figure
2.4).

Figure 2.1. Flowing gas set-up

Figure 2.2. Set-up for sealing tubes
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Figure 2.3. H2S(g) lecture bottle used
for bubbling through sulfuric acid
solution

Figure 2.4. Schlenk lines system used with a liquid
nitrogen trap

2.1.1 Synthesis of starting compounds
2.1.1.1 Tc(VII)
Pertechnetate salts are the most commonly technetium compounds prepared and
analyzed, for reference purposes. Solid NH4TcO4 was purchased from Oak Ridge National
Laboratory. This material should be white, but was received as a black solid indicating it
had undergone possible radiolytic autoreduction to TcO2 (Figure 2.5). This compound is
referred as the black compound but can be easily purified to produce pure NH 4TcO4. It is
also possible to perform simple ligand exchange reactions to obtain different
pertechnetate salts such as KTcO4 [75] or (Bu4N)TcO4 to tune solution solubility.
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Figure 2.5. Black compound (left) and KTcO4 (right)

2.1.1.1.1 Preparation of NH4TcO4
In an Erlenmeyer flask, 400 mg of black compound was suspended in 5 mL deionized
(DI) H2O, 0.4 mL of concentrated NH4OH and 0.1 mL of 30% H2O2. The suspension was
heated at 100 °C and stirred for 45 minutes. During the heating process, the color of the
solution went from yellow to colorless and the solid completely dissolved. The solution
was evaporated to approximately 1 mL. The supernate was removed, and the solid
washed with isopropanol (1 mL, 3 times) and diethyl ether (3 mL, 3 times). The solid was
dried overnight in the oven at 85 °C and weighed (360 mg, yield = 90%). This compound
was used to prepared pure technetium metal (see 2.1.1.5).

2.1.1.1.2 Preparation of KTcO4
In an Erlenmeyer flask, 245 mg of black compound was dissolved in about 2 mL of DI
H2O. The solution was heated at 110 °C and 0.02 mL of 30% H2O2 was added. Five
minutes after ebullition, 75 mg of KOH was introduced and a white precipitate (KTcO4)
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formed. The solution was cooled to room temperature, the supernate was removed and
the white solid washed with isopropanol (1 mL, 3 times) and diethyl ether (3 mL, 3
times). The solid was dry overnight in the oven at 85 °C and weighed (246 mg, yield =
90%). This compound was prepared for reaction with H2S (Chapter 3).

2.1.1.1.3 Preparation of (Bu4N)TcO4
In an Erlenmeyer flask, 200 mg of black compound was dissolved in about 2 mL of DI
H2O. The solution was heated to 110 °C and 0.02 mL of 30% H2O2 was added. After 5
minutes of boiling, the solid was dissolved and the solution was cooled to room
temperature before being transferred in a centrifuge tube. In a vial around 600 mg of
(Bu4N)Cl was dissolved into 3 mL of DI H2O, then added to the technetium solution with
formation of a voluminous white solid precipitate. The suspension was centrifuged, the
supernate removed and the solid was washed 3 times with DI H2O. The white solid was
dried overnight in the oven at 100 °C and weighed (400 mg, yield = 89%). This
compound was prepared as a precursor for (Bu4N)TcOCl4 and for reactions with
(Me3Si)2S (Chapter 5).

2.1.1.2 Tc(VI)
Only one technetium compound at this oxidation state was prepared: (Bu4N)TcNCl4.
It consisted of the reaction between TcO4- and NaN3 in HCl followed by precipitation
with (Bu4N)Cl.[76] In an Erlenmeyer flask, 260 mg of black compound was dissolved in 45
mL of concentrated HCl (12 M). In a vial, around 800 mg of NaN3 was dissolved in 2 mL
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of DI H2O, then added into the Erlenmeyer flask. The solution turned orange with
evolution of Cl2 gas. After 30 minutes of reaction at 80 °C the solution was cooled down
to room temperature and transferred into four centrifuge tubes. In a vial, nearly 1.3 g of
(Bu4N)Cl was dissolved into 8 mL of DI H2O, then added to 2 mL of technetium solution
in a centrifuge tube with the formation of a voluminous orange solid precipitate. The
suspension was centrifuged, the supernate removed and the solid was washed once
with 2 mL of DI H2O. The orange solid was dried overnight in the oven at 90 °C and
weighed (650 mg, yield = 89%, Figure 2.6). This compound was prepared for reactions
with (Me3Si)2S (Chapter 5).

Figure 2.6. (Bu4N)TcNCl4

2.1.1.3 Tc(V)
Only one technetium compound at this oxidation state was prepared: (Bu4N)TcOCl4.
It consisted of the reaction between TcO4- and cold HCl.[77] In a centrifuge tube, around
300 mg of (Bu4N)TcO4 was dissolved into 4 mL of cold, about 5 °C, concentrated HCl. The
solution became yellow-orange then turned orange. The suspension was stirred until
the solution became green and no more Cl2 gas was produced. Green, solid (Bu4N)TcOCl4
was formed, the tube was centrifuged, the supernate removed and the solid washed
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three times with 2 mL of isopropanol and three times with 3 mL of diethyl ether. When
the solid was completely dry it was recrystallized twice using a 1:5 mixture
acetone/ether. In the tube, 2 mL of acetone was added to dissolve the solid followed by
8 mL of diethyl ether to precipitate the green solid. The tube was centrifuged, the
supernate removed and solid washed twice with 2 mL of diethyl ether. The grey-green
solid was dried overnight in the hood and weighed (360 mg, yield = 71%, Figure 2.7).
This compound was prepared for reactions with (Me3Si)2S (Chapter 5).

Figure 2.7. (Bu4N)TcOCl4 before (left) and after (right) recrystallization

2.1.1.4 Tc(IV)
Two technetium(IV) compounds were prepared: K2TcCl6

[78]

(reaction with H2S,

Chapter 4) and TcCl4 [79,80] (reaction with (Me3Si)2S, Chapter 5).

2.1.1.4.1 Preparation of K2TcCl6
In an Erlenmeyer flask, 400 mg of black compound and 680 mg of KCl were dissolved
in 10 mL concentrated HCl. The solid dissolved rapidly and the solution became green
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with some evolution of gas. The suspension was heated for 1 hour at 100 °C and some
yellow solid K2TcCl6 precipitated. The solution was cooled to room temperature, the
supernate removed and the solid washed twice with 1 mL of isopropanol and three
times with 3 ml of diethyl ether. The solid was dried overnight in the back of the hood
and weighed (695 mg, yield = 81%, Figure 2.8).

Figure 2.8. K2TcCl6

2.1.1.4.2 Preparation of TcCl4
Two methods are known to produce TcCl4. The most popular method was developed
by Colton in 1962, which is a flowing gas reaction.[79] The benefit of this method is that
large batches can be prepared but the drawback is the formation of volatile technetium
oxychloride compounds resulting in a lower yield. The other method is the one used
lately in our laboratory, which is to react Tc metal and Cl2(g) in a sealed tube.[80] The
disadvantage of this method is the limited reaction mass of 30 mg.
For the flowing gas method, in a quartz boat 93 mg of Tc metal was dispersed and
placed in a 50 cm quartz tube equipped with SolvSeal end caps. The system was purged
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with Cl2(g) for 10 minutes. The temperature was increased to 400 °C (10 °C/min), held at
that temperature for 20 minutes, and then cooled down.

Figure 2.9. Observation of the volatile compounds during TcCl4 synthesis

It was noted that at 310 °C some volatile compounds were formed with a brown film
at the end of the tube. At 400 °C volatilization with more brown and some blue was
observed in the system (Figure 2.9). Those volatile compounds were caught in a trap
filled with carbon tetrachloride. At the end of this manipulation a dark purple solid 183
mg (yield = 81.6%) was recovered.
To assure that all the technetium metal converted to technetium tetrachloride, the
solid was put in a Pyrex tube (o.d. = 10 mm, i.d. = 7 mm and L = 43 mm), the tube was
connected to a Schlenk line and flamed under vacuum. After backfilling with chlorine
gas (Tc:Cl ~ 1:6 at RT and ambient pressure), the tube was isolated from the Schlenk line
and the lower end of the tube was cooled in liquid nitrogen to condense the chlorine.
The tube was flame-sealed (L = 18 mm) under vacuum and placed in an open-ended
quartz tube packed with glass wool at each end. The quartz tube was inserted in a
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clamshell furnace; the temperature was ramped to 300 °C in 2 hours and held for 24
hours. At the end, the sealed tube contained a reddish - purple powder and excess
chlorine (Figure 2.10). The air-sensitive TcCl4 was kept in the tube or stored in a glove
box.

Figure 2.10. Sealed tube at the end of the reaction between technetium and Cl2(g)

2.1.1.5 Tc(0)
Only technetium metal was prepared at this oxidation state by the reduction of
pertechnetate with hydrogen.[41] Purified NH4TcO4 (100 mg) was dispersed in a quartz
boat and placed in a 50 cm quartz tube equipped with SolvSeal end caps. The system
was purged with H5(g) (Ar, 5% H2) for 15 minutes. The temperature was increased to 750
°C (10 °C/min) and held for 2 hours under H5(g). The tube was cooled to room
temperature under flowing H5(g) for 15-20 minutes. The grey solid was weighed (54 mg,
yield = 98%, Figure 2.11). This compound was prepared for reaction with sulfur (Chapter
4).

Figure 2.11. Tc metal
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2.2

Characterization techniques

2.2.1 Primary techniques
2.2.1.1 UV-Visible spectroscopy
Ultraviolet-Visible (UV-Vis) spectroscopy involves the absorbance of photons in the
ultraviolet (UV) Visible and near infrared (NIR) regions. In this region of the
electromagnetic spectrum, molecules undergo electronic transitions.[81,82] UV-Visible
spectroscopy can be used in the quantitative determination of concentrations of an
absorbing species in solution

[83]

according to the Beer-Lambert law

[84]

as given in

Equation 2.1:
A = - log10 (I / I0) = ε . c . 𝑙

Equation 2.1

where A is the measured absorbance, I0 is the intensity of the incident light at a given
wavelength, I is the transmitted intensity, 𝑙 the pathlength through the sample, and c
the concentration of the absorbing species. For each species and wavelength, ε is a
constant known as the molar absorptivity or extinction coefficient. This constant is a
fundamental molecular property in a given solvent at a particular temperature and
pressure.
The UV-Visible spectrophotometer measures the intensity of light passing through a
sample (I), and compares it to the intensity of light that passes through the reference
(I0). The ratio I / I0 is called the transmittance, and is usually expressed as a percentage
(%T).[82] The absorbance, A, is based on the transmittance (Equation 2.2):
A = - log10 (%T)
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Equation 2.2

This technique was used as a tool for the speciation of the species present in
solution.[81,82] The apparatus used was a Cary 6000i UV-Vis-NIR Spectrophotometer.
Analyses were carried out at room temperature between 190 and 800 nm with a
baseline correction of the same solvent as the sample analyzed. The concentration of
the solutions was adjusted so that the output of the absorbance was lower or close to 1.
An example of pertechnetate salt in acetonitrile (MeCN) is given in Figure 2.12 with
absorption peak at 250 and 295 nm coming from the ligand-to-metal charge transfer
(LMCT) Tc-O, see Appendix D and Table D.2.

Absorption [A.U.]

1.2
1
0.8
0.6
0.4
0.2
0
190

240

290

340

390

Wavelength [nm]

Figure 2.12. UV-Visible spectrum of (Bu4N)TcO4 in MeCN

2.2.1.2 X-ray Absorption Fine Structure spectroscopy
X-ray Absorption Fine Structure (XAFS) spectroscopy refers to the details of how the
X-rays are absorbed by an atom at energies near and above the core-level binding
energies of that atom. It is the modulation of an atom’s X-ray absorption probability due
to its chemical and physical state.[85,86] This technique permits the determination of the
chemical state, the number and types of atoms in the immediate environment of the
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absorbing atom, and absorber-neighbor distances.[87] Since XAFS is an atomic probe,
essentially every element on the periodic table can be measured. Importantly,
crystallinity is not required for XAFS measurements, making one of the few structural
probes available for non-crystalline and highly disordered materials, including
solutions.[85]
The X-ray absorption spectrum is divided into two regions: X-ray absorption nearedge spectroscopy (XANES) typically within 30 eV of the main absorption edge and
extended X-ray absorption fine structure spectroscopy (EXAFS). Though the two have
the same physical origin, this distinction is convenient for the interpretation. The XANES
techniques is strongly sensitive to formal oxidation state and coordination chemistry of
the absorbing atom, while EXAFS is used to determine the distances, coordination
number, and neighboring elements of the absorbing atom.[85]
The EXAFS arises from the interaction of the absorbing atom with photo-electron
waves backscattered by neighboring atoms. When discussing X-ray absorption, one is
primarily concerned with the absorption coefficient µ which gives the probability that Xrays will be absorbed according to Beer’s Law (Equation 2.3):
I = I0 e-µt

Equation 2.3

where I0 is the X-ray intensity incident on a sample, t is the sample thickness and I is the
intensity transmitted through the sample.[85,86]
An incident X-ray of energy E is absorbed, liberating a photo-electron with kinetic
energy (E – E0) from binding energy E0. When the incident X-ray has an energy equal to
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that of the binding energy of a core level electron, there is a sharp rise in absorption
(absorption edge) as observed in Figure 2.13.[85]

Figure 2.13. Scheme of X-ray absorption through the photoelectric effect

Note: When an X-ray has the energy of a tightly bound core electron level E0, the
probability of absorption has a sharp rise.

When a neighboring atom is included in the picture, the photo-electron can scatter
from the electrons of this neighboring atom, and the scattered photo-electron can
return to the absorbing atom. An XAFS measurement is simply a measure of the energy
dependence of µ at and above the binding energy of a known core level and atomic
species. Since the absorption coefficient depends on whether there is an available
electronic state, the presence of the photo-electron scattered back from the
neighboring atom will alter the absorption coefficient. This is the origin of XAFS (Figure
2.14).[85]
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Figure 2.14. XAFS occurs because the photo-electron can scatter from a neighboring atom

Note: The scattered photo-electron can return to the absorbing atom, causing the
wave function to interfere with itself. This interference will vary with energy, causing the
oscillation in μ(E).

For EXAFS, one is interested in the oscillations well above the absorption edge and
define the EXAFS fine structure function χ(E) as in Equation 2.4:
χ(E) = [µ(E) - µ0(E)] / Δµ0(E)

Equation 2.4

where µ(E) is the measured absorption coefficient, µ0(E) is a smooth background
function representing the absorption of an isolated atom, and Δµ0 is the measured jump
in the absorption µ(E) at the threshold E0. The EXAFS χ(E) is proportional to the
amplitude of the scattered photo-electron at the absorbing atom.[85] Since EXAFS is
better understood in terms of the wave behavior of the photo-electron created in the
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absorption process, the X-ray energy is converted to k, the wave number of the photoelectron which is defined as in Equation 2.5:
k = √ [2m(E – E0) / ħ2]

Equation 2.5

where E0 is the absorption edge energy and m is the electron mass.[85,86]

The primary quantity for EXAFS is then χ(k), where the oscillations as a function of
photo-electron wave number χ(k), quickly decays with k. To emphasize the oscillations,
χ(k) is often multiplied by a power of k, typically k3. The different frequencies apparent
in the oscillations in χ(k) correspond to different near-neighbor coordination shells
which can be described and modeled according to the EXAFS equation (Equation 2.6):
χ(k) = ∑𝑗

𝑁𝑗 𝑓𝑗 (𝑘)𝑒

−2𝑘2 𝜎2
𝑗

sin [2kRj + δj(k)]

𝑘𝑅𝑗2

Equation 2.6

where f(k) and δ(k) are scattering properties (respectively, scattering amplitude and
phase shift) of the atoms neighboring the excited atom, N is the number of neighboring
atoms, R is the distance to the neighboring atom, σ2 is the disorder in the neighboring
distance and j represents the individual coordination shell of identical atoms at
approximately the same distance from the central atom. Since the scattering factors
depend on the Z of the neighboring atom, EXAFS is also sensitive to the atomic species
of the neighboring atom(s).[85]

Following the absorbing event, the atom is said to be in an excited state, with one of
the core electron levels left empty and a photo-electron emitted. The core state is
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eventually filled, ejecting a fluorescent X-ray or an Auger electron. In the hard X-ray
regime (> 2 keV), the X-ray fluorescence is more likely to occur than Auger emission. The
energy dependence of the absorption coefficient µ(E) can be measured either in
transmission as described in Equation 2.7:
µ(E) = log ( I0 / I1)

Equation 2.7

The intensity of the X-ray beam is typically measured using ionization gas chamber
detectors. The X-ray beam passes through each end of the chamber between two
oppositely charged plates. The current passing between the plates is proportional to the
X-ray intensity (Figure 2.15).[88]

beam
standard

sample

Figure 2.15. Typical apparatus for a transmission XAS experiment. I0, I1 and I2 are ionization
detectors

Note: A minimal experiment requires only I0 and I1. The addition of I2 permits the XAS
of the standard such as a metal foil to be measured, as Mo foil in our case.

Or in X-ray fluorescence (or Auger emission) as described by Equation 2.8:
µ(E) ∝ If / I0
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Equation 2.8

In fluorescence mode, the sample is commonly oriented at 45° to the beam and the
fluorescence detector is placed at 90°. Because the X-rays do not have to pass through
the fluorescence detector, a solid state detector or an ionization detector filled with a
gas of high X-ray cross section is normally used (Figure 2.16).[88]

Fluorescence
detector

standard

sample

beam

Figure 2.16. Typical apparatus for a fluorescence XAS experiment

Measurements on the Tc K-edge were performed at the Advanced Photon Source
(APS) at the BESSRC-CAT 12 BM station at Argonne National Laboratory. Solids were
about 1% technetium by mass diluted in boron nitride and placed in an aluminum
sample holder of local design (Figure 2.17 A). The solutions were 100 μL in volume and
injected in special aluminum liquid sample holder (Figure 2.17 B).
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B
A

Figure 2.17. Examples of sample holders used for EXAFS analysis at APS, A: for solids and B: for
liquids

The XAFS spectra were recorded at the Tc K-edge (i.e., 21,044 eV) in transmission
mode and in fluorescence mode at room temperature using a 13 element germanium
detector. A double crystal of Si[111] was used as a monochromator. The energy was
calibrated using a molybdenum foil (K-edge = 20,000 eV). For KTcO4 the Tc K-edge was
measured at 21,062 eV and featured a pre-edge at 21,044 eV as shown in Figure 2.18.
Previous studies have shown that TcO4- exhibits a pre-edge feature in its XANES spectra
which is assigned to the forbidden 1s → 4d transition which becomes more allowed in
the

noncentrosymmetric

tetrahedral

(TcO4-)

geometries.[89]

40

or

square

pyramidal

(TcOCl4-)

1.2
1

Nμ(E)

0.8

0.6

Pre-edge at 21044 eV

0.4
0.2

0
20800

21000

21200
21400
Energy [eV]

21600

21800

Figure 2.18. XAFS spectrum for KTcO4

To analyze the data, the raw measured intensities data are converted to μ(E)
according to Equation 2.7 and Equation 2.8. All the spectra are corrected for systematic
measurement errors (i.e., self-absorption effects or detector dead time).[90] Using
ATHENA software

[91]

the background contribution was removed by subtraction of a

smooth pre-edge function from μ(E) and smooth post-edge background function to
approximate μ0(E). The threshold energy E0 (maximum derivative of μ(E)) is identified
and the spectrum μ(E) is normalized. All the spectra of the same compound are aligned
and merged.[92] The XAFS χ(k) is isolated and data analysis through k-weight and Fourier
transform into R-space was performed using WINXAS

[93]

(Figure 2.19). For the fitting

procedure, amplitude and phase shift function were calculated by FEFF 8.2
files were generated by Atoms

[95]

[94]

. Input

using the crystallographic structures found in

literature.
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Samples Tc2S7, TcS2 and Re2S7 were analyzed at Stanford Synchrotron Radiation
Lightsource (SSRL) on S K-edge and Tc LIII/II-edge on February 2014 in collaboration with
LANL researchers Dr. Stosh Kozimor and Dr. Angela Olson. The samples were prepared
and mounted in an aluminum sample holder at UNLV. The holder is best described as a
simple aluminum plate with 5 x 20 x 1 mm wells. Double-sided tape, with matching 5 x
20 x 1 mm wells, was applied to the front side of the holder. Single-sided tape (40 m)
(Saint-Gobain M60, procured by SSRL from Bron Tapes of California, Inc., Alameda, CA)
that had been confirmed by S K-edge X-ray absorption spectroscopy to only contain very
low concentrations of sulfur, was fixed to the back side of the holder. Samples were
painted onto the single-sided tape using paintbrushes (Winsor & Newton University
Bright #1 brushes from artsupply.com, Chicago, IL). The sample holder was sealed by
adhering a layer of 3525 Ultralene (4 μm) (SPEX CertiPrep) to the double-sided tape on
the front side of the sample holder (Figure 2.20 A). For technetium samples, a second
layer of containment was achieved by sandwiching the aluminum holder between a
wide piece of Kapton tape (2 mil thick) on the back of the holder and a second piece of
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3525 Ultralene film on the front of the holder (Figure 2.20 B). It is important to note that
the back side of the aluminum holder was equipped with seven pieces of single-sided
low sulfur tape before building the second window, to ensure that the thickness (>200
μm) of the low S tape prevented transmission to the Kapton backing.

A

B

Figure 2.20. Sample holder used for EXAFS analysis at SSRL

At the beamline, air-stable samples were unpackaged, then immediately attached to
the sample motor and inserted into a helium-flushed (UHP grade) sample chamber. The
chamber was separated from the beam pipe with a polypropylene window (4 μm thick)
and continually flushed with helium gas. An additional 3525 Ultralene (4 μm, SPEX
CertiPrep) window separated the sample from a four-element Vortex Si fluorescence
detector that was positioned sufficiently far from the sample to ensure dead times that
were less than 3%. The X-ray absorption spectra (XAS) were measured at the SSRL under
dedicated operating conditions (3.0 GeV, 500 mA) at Beamline 4-3. This beamline, which
was equipped with a 20-pole, 2.0 tesla wiggler, utilized a liquid nitrogen-cooled double-
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crystal Si[111] monochromator and employed a flat, bent vertically collimating and
focusing mirrors (FWHM beam spot size = 3 x 16 mm). The crystals were run fully tuned.
For S K-edge XAS, energy calibrations were conducted externally using the maxima of
the first pre-edge features in the S K-edge XAS spectrum of Na2S2O3 (2472.02 eV).[96] The
Tc LIII/II-edge XAS spectra were calibrated to the maximum of the first pre-edge feature
in the Cl K-edge XAS spectrum of Cs2CuCl4 (2820.20 eV).[97] Sample fluorescence was
monitored using the solid-state Vortex detector mentioned above against the incident
radiation (I0). In this case, I0 was monitored using an ionization chamber through which
helium was continually flowed. The ion chamber was isolated from the sample chamber
with a 3525 Ultralene (4 μm, SPEX CertiPrep) window. Data analysis was performed by
Dr. Stosh Kozimor and Dr. Angela Olson.

2.2.2 Other techniques
2.2.2.1 Electrospray Ionization Mass Spectrometry
Measurements of solutions were performed on a Dionex MSQ plus Electrospray
ionization with a quadrupole mass filter detector. The solution samples were introduced
in a 10 µL capillary loop, diluted in a carrier solvent and sent to a very fine tip where a 3
kV voltage was applied with a temperature of 350 ˚C - 400 ˚C. The solvent was
completely evaporated in the evaporation chamber and the droplets divided into single,
charged molecule. Negative or positive polarity was chosen and the mass filter detector
determined mass-to-charge ratio values. Further details are given in Appendix A.
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2.2.2.2 Energy Dispersive X-ray spectroscopy
With this technique, a focused beam of electrons interacts with the sample.
Emissions of characteristic X-rays are detected by an Energy Dispersive detector. The
energies and intensity of these X-rays allow the identification and quantification of
elements in the sample.[98,99] Measurements were performed from two different
instruments and techniques. The first method involved using a TECNAI-G2-F30 Supertwin transmission electron microscope with a 300 keV field emission gun. The EDX
spectrum was collected under STEM (scanning transmission electron microscopy) mode
[100]

so that the electron beam had a probe size of 0.2 nm, minimizing the background

effects. The technetium samples were prepared by the solution-drop method.[101] The
samples were ground in a glass vial to micro-sized particles and mixed with hexane. A
few drops of the solution were added onto a 3 mm diameter carbon film supported on a
copper grid. The second method used a SEM JEOL JSM-5610. The technetium samples
were spread onto carbon tape, coated with carbon and analyzed by EDX mapping.
Further details are given in Appendix A.

2.2.2.3 Liquid Scintillation Counting
This technique was used to determine the concentration of technetium in
solutions.[102] For liquid scintillation counting analyses, around 5 mg of compound was
suspended in 5 mL of concentrated acid for several days. After complete dissolution, the
solutions were diluted by 1000 with DI H2O. Samples for LSC were prepared by mixing
100 μL of sample solution containing

99

Tc and 100 μL of DI H2O, to correspond to
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calibration curves, with 10 mL of scintillation cocktail. The scintillation cocktail was
ULTIMA GOLD ABTM (Packard), which is compatible with mineral acids ranging from 0
to concentrated molarity.[103] A Perkin Elmer liquid scintillation counter Tri-Carb 3100TR
was used with QuantaSmart software (Windows). The concentration of the solutions
was determined using a KTcO4 in water calibration curve. Further details about the
theory of LSC are given in Appendix A.

2.2.2.4 Infrared spectroscopy
Measurements were performed using Varian 3100 FTIR Excalibur Series. To gather
information about the structure of a compound, analysis of the position, shape and
intensity of peaks in the IR spectrum reveals details about the molecular structure of the
sample.[82] This technique was principally used to detect the presence of any ligands, or
characteristic observable bands for Tc like the Tc≡N stretch at 1080 cm-1 for TcNCl4- or
the Tc=O stretch at 1019 cm-1 for TcOCl4-. Further details are given in Appendix A.

2.2.2.5 Density Functional Theory
For TcO3- calculations performed by Philippe Weck, Sandia National Laboraory,
Density Functional Theory (DFT) was used for structural optimization, followed by TimeDependent Density Functional Theory (TD-DFT) to calculate the oscillator strengths and
transition energies associated with the relaxed complexes implemented in the Gaussian
09 software.[104] Structural relaxation was performed without symmetry constraints
using the generalized gradient approximation (GGA) and the Becke 3-parameter, Lee,
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Yang and Parr

[105]

hybrid functional

(B3LYP) hybrid functional. Additional calculations using the PBE0

[106]

were also performed at the same level of theory. The Dunning-

Huzinaga valence double-ζ basis set

[107]

(D95V) was used for H and O atoms in

combination with the Stuttgart/Dresden effective core potentials [108] (SDD ECPs) for the
Tc metal atom. Transition energies and oscillator strengths were computed at the same
level of theory using TD-DFT theory, with a polarizable continuum model (PCM) for the
acetonitrile solvent, as implemented in the Gaussian 09 software.

For [Tc2O(HSO4)4(H2O)2(OH-)2] calculations were performed by Jérôme Roques, IPN
Orsay laboratory, DFT was used for structural optimization to confirm the stability of the
complex and was implemented as in the Gaussian 09 package.[104] Simulations were
performed using the hybrid B3LYP functional.[105] The 6-31++G** basis set for H, O, and
S atoms as well the Stuttgart/Dresden effective core potentials [108] (SDD ECPs) for the Tc
metal atom were used. To take into account part of the solvent effect, solvation was
introduced using dielectric continuum model with permittivity of ϵ0 = 80. The conductorlike polarizable continuum model (CPCM

[109]

) implemented in Gaussian 09 was used.

Further details are given in Appendix A.

2.2.2.6 Sulfide measurement
The experiment was performed after reaction of TcO4- with H2S(g) in 12 M H2SO4.
After 20 minutes of reaction, the solution was centrifuged and the supernate was
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transferred with a minimum of aeration to a Schlenk flask. The Schlenk flask was put in a
water bath kept at 70 °C and the system was purged for five minutes with argon (Ar).

Figure 2.21. Set up for sulfide measurements

As shown in Figure 2.21, Ar is bubbled (about 25 mL/min) through the stirred
solution in the Schlenk flask to release any H2S from the solution. The sulfide was carried
by gas into a zinc acetate trap and formed a zinc sulfide precipitate. This trap contained
5 mL of 0.5 M zinc acetate solution, 5 mL of formalhedyde and 100 mL of DI H 2O. The
formaldehyde prevented cross contamination from sulfite, hydrosulfite or sulfur dioxide
during titration. A second trap containing 4 M ammonium hydroxide was used to
prevent release of residual H2S. The procedure followed the slightly modified EPA
method 9030B. After 1 hour of Ar bubbling through the warm solution, zinc sulfide
precipitation was observed in the first trap.
The sulfide concentration was determined by method 9034 EPA. The sulfide is
oxidized to sulfur by adding a known excess amount of iodine. The iodine concentration
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is determined by titration with a standard solution of sodium thiosulfate until the blue
iodine starch complex disappears. The detailed procedure is described in the following
paragraphs.
Starch is used as a colored indicator for the redox titration where triiodide is
present. The iodine reagent is made by dissolving iodine in water in the presence of
potassium iodide. This makes a linear triiodine ion complex that will be able to slip into
the coil of the starch causing an intense blue-black color. However the complex is not
formed if only iodine or only iodide is present. The reaction between triiodide ion
solution and thiosulfate ion is described in the following Equation 2.9.
I3- + 2 S2O32- → S4O62- + 3 I-

Equation 2.9

The equation can also be written only with iodine (I2) since the iodide ion does not
participate in the reaction in terms of mole ratio analysis.

In an Erlenmeyer flask, 64 mL of 0.025 N iodine solution was pipetted, then 36 mL of
DI H2O and 2 mL of 6 N HCl were added. The solution from the trap containing the zinc
sulfide precipitate was transferred into the Ernlenmeyer flask by keeping the end of the
pipet below the surface of the iodine solution. The trap bottle was rinsed with a solution
containing 1 mL of 6 N HCl, 6 mL of DI H2O and 6 mL of iodine solution. This rinsing
solution was added into the Erlenmeyer flask. To rinse any remaining iodine from the
trap 10 mL of DI H2O was used and transferred to the Erlenmeyer flask. Figure 2.22
shows the change of color during the sample preparation.
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+ H2O
→
+ 6 N HCl
+ rinsing solution

+

Figure 2.22. Sample preparation for titrimetric procedure

The solution in the Erlenmeyer flask was titrated with standard 0.025 N sodium
thiosulfate solution until the amber color faded to yellow, at around 48 mL. Enough
starch indicator was added to the solution to turn it dark blue. The solution was then
titrated until the blue disappeared. Figure 2.23 shows the change of color during the
titration. A total of 50.5 mL of sodium thiosulfate was used during the titration.
The concentration of sulfide was calculated using the following Equation 2.10:
I3- + 2 S2O32- → S4O62- + 3 I-

A

B

C

Equation 2.10

D

Figure 2.23. Changes of color during titration, A: beginning of titration, B: before and C: after
addition of starch solution, D: end point of titration
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In order to determine the concentration in mg/L of sulfide in the system, Equation 2.11
is used:
[(mL I2 x N I2) – (mL titrant x N titrant) x (32.06 g / 2 eq.)]
sample volume in L

Equation 2.11

It has been determined that after reaction in 12 M H2SO4, the supernate contained 780
mg of sulfide/L. After conversion this corresponds to 0.24 mmol of H2S.
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3.1

Chapter 3: Solution and solid state chemistry of heptavalent technetium

Introduction
Transition metal sulfides have been intensively studied over the years, due in part to

their importance in catalysis and biomedical applications.[40-44] One of the most common
sulfurizing agents used is gaseous hydrogen sulfide (i.e., H2S(g)), which leads to sulfide
precipitation when bubbled through the desired transition metal salt solution.[44]
A number of studies have been performed with rhenium. When hydrogen sulfide gas
is passed through a neutral solution of Re(VII), the colorless solution becomes yellow
and thioperrhenate (i.e., ReO3S-) is formed.[60] When ammoniacal aqueous perrhenate
reacts with H2S(g), the solution turns pink and tetrathioperrhenate (i.e., ReS4-) is formed.
By choosing intermediate pH conditions, ReOS3- was detected by UV-Visible
spectroscopy.[110] Upon acidification of the tetrathioperrhenate solution with
hydrochloric acid, a black precipitate Re2S7 is formed.[48] If H2S(g) is directly bubbled
through a perrhenate solution in concentrated HCl the precipitate Re 2S7 is formed.[56]
Similar reactions occur with other transition metals. In basic media it has been
shown that the mechanism of thiolation is the successive replacement of oxygen in the
oxometalate (MO4-, M = Mo, W, V, Re) by sulfur atoms to form thiometalates (MOxS4-x,
M = Mo, W, V, Re and 0 < x < 3). Thiometallates are all more soluble than the oxygen
analogues and decompose either due to hydrolysis to oxometallates, by intramolecular
redox processes, or by polymerization yielding to sulfides.[53] As an example, molybdate
is soluble in basic media while in acid it converts to MoO3 which reacts with H2S to form
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thiomolybdate and/or molybdenum sulfides (e.g., MoS3 or MoS2).[111,112] The
thiomolybdate ion is soluble in basic solution, and the molybdenum trisulfide does not
precipitate until the solution is made acidic.[113]
For technetium, it was also shown that the effect of pH on the reaction between
TcO4- and H2S(g) was relevant to the speciation of the sulfide product compound. In
alkaline solution, a stepwise substitution reaction is thought to occur by reaction with
S2- via the formation of TcO3S-, TcO2S2-, TcOS3- or TcS4-, or direct formation of Tc2S7 by
reaction with S2- or HS-.[13,114] Amorphous Tc2S7 is obtained from the reaction of TcO4with H2S(g) in acidic solutions of 2 N to 4 N HCl or H2SO4.[71] In 0.5 M to 5.0 M HCl
complete precipitation of Tc2S7(s) is reported while in 10 M HCl only a small fraction of
technetium precipitated.[41] The behavior of technetium contrasts with rhenium; only in
high acid molarity Re2S7 precipitation can occur.[26]
Even though colloidal technetium heptasulfide is used in radiopharmaceuticals
applications,[115,116] and has been proposed as an immobilization option for
environmental technetium,[117] its exact composition and structure are still unclear.[13,70]
Despite the uncertainty of its exact composition, the stoichiometry Tc 2S7 will be used.
Others have analyzed the Tc2S7 precipitates but the valence of the Tc atom in Tc2S7 is
still unclear. Previous EXAFS studies have shown that Tc2S7 can exhibit the triangular
structure and the stoichiometry Tc3S10 has been proposed.[70] Similar examples can be
found for the transition metal binary sulfides in the d 0 electronic configuration. All of
those compounds are amorphous and analyses are not sufficiently conclusive to provide
the exact structure of the compounds.
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To the best of our knowledge, no studies were performed on the speciation of the
technetium present in the supernate from the Tc+7 sulfur precipitates. In aqueous
media, the speciation of technetium in the presence of sulfide is unknown and the
mechanisms of formation and dissolution of Tc2S7 are unclear. A study showed that the
dissolution of Tc2S7 in water produced a purple species, with absorbance bands at 519
nm and 284 nm, but the nature of this species was not determined.[118] The speciation of
technetium in concentrated acids was studied recently. Pertechnetate is protonated
above 8 M H2SO4 and is converted to a yellow species TcO3(OH)(H2O)2.[119] The redox
properties of this complex were studied in sulfuric acid in the presence of methanol. A
solution of pertechnetic acid is extremely stable over months, but is very reactive in the
presence of reducing agents.[119] When treated with methanol TcO3(OH)(H2O)2 is
reduced to a green Tc(V) sulfate complex with the stoichiometry TcO(HSO4)3(OH)-.[120]
In the present work, reactions were performed at different sulfuric acid molarities.
Pertechnetate solutions in 3 M, 6 M, 9 M, 12 M, 15 M and 18 M sulfuric acid were
reacted with hydrogen sulfide gas. Precipitates were analyzed by EDX and characteristic
peaks for technetium and sulfur were found. Analysis of 99Tc concentration by LSC of the
solid was first performed by dissolving the precipitates, measuring the

99

Tc solution

phase concentration, and determining the theoretical mass of Tc2S7. No consistent
stoichiometry was found; the stoichiometry ranged from 3.9 to 16.95. The precipitates
were analyzed by XAFS spectroscopy. The existence of a Tc(VII) species with the formula
Tc2S7 was considered unlikely, but the XAFS fitting analysis gave results similar to
previous studies on Tc2S7 found in literature.[13,70] Based on the XANES measurements,
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the Tc oxidation state was consistent with a +IV state. Sulfur EXAFS was conducted and
the possible presence of different oxidation states explained the existence of a reduced
technetium in the solid. For the first time, analyses on the supernates of the reactions
were studied by UV-Visible and XAFS spectroscopies. The UV-Visible results indicated
the presence of polymeric species. When precipitates were dissolved in fresh acid the
species detected by UV-Visible were similar to those present in the supernates. The
EXAFS results indicated that a reduced Tc was present in the solutions. The fitting study
showed that the Tc species were very similar in 3 M, 6 M, 9 M and 12 M H2SO4, showing
the presence of polymeric Tc-O-Tc surrounded by sulfate, water and/or hydroxide
ligands. Technetium species in the supernate in 15 M H2SO4 was a monomeric specie
surrounded by sulfate, water and/or hydroxide ligands. The Tc species in the supernate
in 18 M H2SO4 had the configuration Tc2(μ-O)2 surrounded by monodentate sulfate,
water and/or hydroxide ligands. Mechanism of formation of technetium sulfate species
soluble in supernate has been investigated in 12 M H2SO4. The mechanism could be
described as successive reduction of TcVIIO3(H2O)2(OH) to TcVO(HSO4)3(OH)- and to Tc(IV)
complexes (i.e., Tc(HSO4)2(H2O)(OH)2 and Tc2O(HSO4)4(H2O)2(OH)2). The oxosulfide and
sulfate complexes polymerized, formed colloids and a solid was ultimately obtained.

3.2

Experimental
Reaction between KTcO4 and H2S(g) in H2SO4 (3 M, 6 M, 9 M, 12 M, 15 M and 18 M).

In a centrifuge tube about 120 mg of KTcO4 was suspended in 7 mL or 10 mL of H2SO4.
After dissolution, a yellow color was observed in > 8 M H2SO4 and a colorless solution for
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the lower molarities. The H2S(g) was bubbled through the solution which immediately
turned black-brown in 3 M, 6 M and 9 M H2SO4, while an intermediate, green solution
was observed in 12 M, 15 M and 18 M H2SO4. After 15 to 20 minutes the tube was
closed and centrifuged. The supernate was removed and kept for spectroscopic
analyses. The black oily solid was washed with the same molarity sulfuric acid as used in
the reaction, acetonitrile, diethyl ether and carbon disulfide. The solid was oven dried at
90 °C overnight. The reaction produced black solid, the mass of the products obtained
and their reaction conditions are presented in Table 3.1.

Table 3.1. Reaction conditions and mass of black solid produced for each H2SO4 molarity

Molarity H2SO4

3M

6M

9M

12 M

Volume H2SO4 [mL]

10

10

10

7

Mass KTcO4 [mg]

121.4 111.5 114.6 74.7

Presence of TcO3(OH)(H2O)2 No

15 M, 15 M, 18 M
15 min. 20 min.
10
7
10
112.5

99.4

116.7

No

Yes

Yes

Yes

Yes

Yes

No

No

Yes

Yes

Yes

Yes

6M

9M

12 M

15 M

15 M

18 M

50.5

75.7

35.7

4.5

19.1

35

(starting solution is yellow)
Intermediate observed

No

during H2S(g) reaction?
Molarity of H2SO4 to rinse 3 M
precipitate
Mass of precipitate [mg]

91.6

Reaction between KTcO4 solution and H2SO4 – H2S(aq) solution. The technetium
solution was prepared by dissolving around 100 mg of KTcO4 in 5 mL of 3 M or 12 M
H2SO4. Bubbling H2S(g) for 20 minutes in 3 or 12 M H2SO4 was performed to obtain the
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H2SO4 – H2S(aq) solution. The 1 mL samples in 3 M H2SO4 at 0.02 mol/L Tc and various H2S
concentrations were prepared as described in Table 3.2. The samples in 12 M H2SO4
were prepared using the same volume of KTcO4 solution, 12 M H2SO4-H2S(aq) solution
and 12 M H2SO4 as given in Table 3.2.

Table 3.2. Sample preparation for the KTcO4 / 3 M H2SO4-H2S(aq) reaction

3.3

Samples

initial 1

2

3

4

KTcO4 solution [μL]

200

200

200

200

200

3 M H2SO4 – H2S(aq) solution [μL]

-

100

75

150

300

3 M H2SO4 [μL]

800

700

725

650

500

Results and discussion
The reactions between Tc(VII) and H2S(g) in H2SO4 were performed at room

temperature according to the method reported in literature.[71] (a) For all reactions, black
precipitates and brown solutions were obtained. To understand the mechanism of
formation of technetium sulfides in these acidic solutions, solids and solutions were
studied.

3.3.1 Solids Analyses
Precipitates from the reactions performed in 3 M H2SO4 and 18 M H2SO4 were
prepared for EDX analyses as described in section 2.2.2.2. Two TEM grids were analyzed,

a

-

Reaction between TcO4 and H2S were not studied in hydrochloric acid because it is almost
impossible to distinguish chlorine contributions from the sulfur ones with EXAFS.
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one containing only precipitates from 3 M H2SO4 reaction and the other precipitates
from 18 M H2SO4 reaction. The results from the EDX analyses on the solids were very
similar and only technetium and sulfur were detected. Most importantly, this analysis
demonstrated that no oxygen was present in the solid (Figure 3.1). This indicates that
the reaction between pertechnetate and hydrogen sulfide in sulfuric acid was complete
and that the bulk of the solid produced was a binary technetium sulfide compound. The
values presented in Table 3.3 are the average of the EDX analyses of five solid particles
at each examined condition. Since it was focused on some particles and not the bulk of
the solid, an exact stoichiometry of the compound could not be determined by this
method.
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Figure 3.1. EDX spectra of the precipitates obtained after reaction in 3 M and 18 M H2SO4

Note: C and Cu peaks come from the sample holder.
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Table 3.3. EDX analyses for particles from 3 M and 18 M H2SO4 precipitates

Molarity
3 M H2SO4

18 M H2SO4

Elements Weight%

Atomic%

S(K)

55.8348

79.4048

Tc(K)

44.1642

20.5942

S(K)

67.166

86.2082

Tc(K)

32.833

13.7908

Stoichiometry
TcS3.86

TcS6.25

The average of the EDX analysis (Table 3.3) show that the solid obtained in 3 M H2SO4
reaction contain 79 atomic percent of sulfur and 21 atomic percent of technetium. In 3
M H2SO4, the data corresponds to the formula Tc2S7.7 or Tc3S11.6 which has a close
stoichiometry to the expected Tc2S7 compound. The solid obtained in 18 M H2SO4
consists of 86 atomic percent of sulfur and 14 atomic percent of technetium, which
corresponds to Tc2S12.5 or Tc3S18.8. The stoichiometry of the precipitates contains more
sulfur than the expected Tc2S7 precipitate.

Elemental analyses by LSC were performed to determine the

99

Tc content in the

compound. To perform this experiment, the precipitates were dissolved in various
media. Approximately 5 mg of compound was added to concentrated perchloric acid,
hydrochloric acid, hexane, diethyl ether, acetone, acetonitrile, methanol and carbon
disulfide (Figure 3.2, Figure 3.3). Precipitates from reactions in 3 M, 6 M, 9 M, 12 M, 15
M and 18 M sulfuric acid had similar solubility behavior. After a month in solution, the
precipitate dissolved only in concentrated perchloric acid, limiting analysis to this media.
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Figure 3.2. Dissolution of precipitate after a month in concentrated acid: HClO4 (left) and HCl
(right)

Figure 3.3. Dissolution of precipitate after a month in organic solvent: hexane, diethyl ether,
acetone, acetonitrile, methanol and carbon disulfide

Figure 3.4. Dissolution of precipitates in 5 mL of concentrated NH4OH (top) and after addition
of 50 μL of 30% H2O2 (bottom). Left to right: 18 M-12 M-9 M-6 M-3M H2SO4
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Dissolution was also performed in basic medium; around 5 mg of the compounds were
suspended in 5 mL of ammonium hydroxide for 24 hours. Since no reaction was
observed, 50 μL of 30 % hydrogen peroxide was added as suggested in the literature [41]
(Figure 3.4). Complete dissolution was observed several days later and the solutions
became pale yellow. Since concentrated HClO4 and NH4OH were used it was necessary
to dilute the solution by 1000 with DI H2O before analyses to eliminate quenching in
LSC. The

99

Tc concentration in the samples was determined using a calibration curve

prepared using KTcO4 solutions ranging from 1x10-4 to 5x10-6 mol/L. Results in both
media were similar, only analyses performed in basic media are presented in Table 3.4
and the stoichiometry found was not consistent with TcS3.5. However, it was assumed in
our calculation that only Tc and S atoms were present in the system as suggested by EDX
analyses.

Table 3.4. LSC results and analyses of precipitates dissolved in NH4OH-H2O2 mixture

Precipitates in X M H2SO4

3M

6M

9M

12 M

15 M

18 M

Mass compounds analyzed [g] 0.0068

0.0057 0.0061

0.0075 0.0069

0.0044

Counts [CPM]

1576

1273

1725

519

Concentration 99Tc before

0.0044

0.0035 0.0034

0.0044 0.0031

0.0014

Mass Tc [g]

0.0022

0.0017 0.0017

0.0022 0.0015

0.0007

%Tc in sample

0.32

0.31

0.27

0.29

0.22

0.15

Stoichiometry TcSx, x =

6.57

6.99

8.28

7.47

10.90

16.95

1211

1214

dilution [mol/L]
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As the solids did not easily dissolve,

99

Tc concentration analyses by LSC were

performed on the supernates of the reaction. With conservation of mass for technetium
during the reaction, it was assumed that the quantity of 99Tc that was not measured in
the supernate had to correspond to the quantity of

99

Tc in the precipitate (Table 3.5).

The supernates were high concentration sulfuric acid solutions and had dark brown
color (Figure 3.5). To avoid quenching in LSC the supernates were first diluted in DI H 2O
100 times (back row of Figure 3.5) followed by a dilution by ten to obtain colorless
solutions (front row of Figure 3.5). Analyses were performed on the samples diluted
1:1000 by LSC.

Figure 3.5. Left: Concentrated supernate. Right: Dilution of supernates in DI H2O - dilution
1:100 in back and 1:1000 in front (left to right: 18 M-15 M-12 M-9 M-6 M-3M H2SO4)

The

99

Tc concentration in the supernates was determined using a calibration curve

prepared using KTcO4 solutions ranging from 1x10-4 to 5x10-6 mol/L. The results from
Table 3.5 indicate that at low sulfuric acid concentration, more technetium reacted with
hydrogen sulfide to produce non-soluble technetium species. Knowing the initial mass
of 99Tc and the concentration of 99Tc in the supernate at the end of the reaction, it was
possible to determine the quantity of

99

Tc present as non-soluble species. Table 3.5

presents yields of reaction greater than 100% for the reaction performed in 3 M, 9 M ,
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12 M and 18 M H2SO4 showing that the precipitates were heavier than the calculated
theoretical mass for Tc2S7 precipitate (Table 3.5). This indicates that the precipitate mass
could have been biased by sulfuric acid trapped in the solid. This hypothesis suggests
the formation of a non-dried solid leading to a higher mass weighed than the real mass.
A second hypothesis could be the formation of an hydrated compound containing H2O,
H2S or HS- ligands. The results from EDX analyses would not detect hydrogen atoms
leading to an incorrect stoichiometry. It is difficult to determine the

99

Tc elemental

analysis on the solid by dissolution. One technique that can help determine the local
structure around technetium atom is X-ray Absorption Fine Structure spectroscopy.

Table 3.5. LSC analyses on supernates and calculations

Supernates in H2SO4

3M

6M

9M

12 M

mini (KTcO4) [g]

0.1214

0.1115

0.1146

0.07474 0.0994

nini (Tc) [mol]

0.00060 0.00055 0.00057 0.00037 0.00049 0.00058

VH2SO4 [L]

0.01

0.01

0.01

0.007

0.007

0.01

Cini (Tc) [mol/L]

0.060

0.055

0.057

0.053

0.070

0.058

CPM

6942

10165

11047

11740

19702

16940

Csupernate (Tc) [mol/L]

0.0181

0.0258

0.0281

0.0307

0.0515

0.0433

%Tc reacted

0.70

0.53

0.51

0.39

0.26

0.25

nconsummed (Tc) [g]

0.00042 0.00029 0.00029 0.00014 0.00013 0.00015

mconsummed (Tc) [g]

0.0416

0.0288

0.0288

0.0139

0.0129

0.0144

mtheoretical Tc2S7 [g]

0.0888

0.0615

0.0615

0.0297

0.0275

0.031

mexp precipitate [g]

0.0916

0.0505

0.0757

0.0357

0.0191

0.035

Yield [%]

103

82

123

120

69

113
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15 M

18 M
0.1167

X-ray Absorption Near Edge Structure (XANES) spectroscopy is commonly used for
characterization of the local geometry and oxidation state of the absorbing atom. The Kedge position of technetium, determined using the first derivative method, can be
correlated to its oxidation state.[121] Previous studies have shown that TcO4- exhibits a
pre-edge feature in its XANES spectra, which is assigned to the forbidden 1s → 4d
transition.[89] The XANES spectra of the solids (Figure 3.6) did not contain any pre-edge
feature characteristic for TcO4- at 21044 eV, indicating that the starting compound was
completely reacted at the end of the reaction.

1 1.2
Normalized absorption [A. U.]

Normalized absorption [A. U.]

1.2

0.8

1
KTcO
KTcO44 solid
TcS
TcS22
Precipitate
in 3 M H2SO4
3 M precipitate
Precipitate
in 6 M H2SO4
6 M precipitate
Precipitate
in 9 M H2SO4
9 M precipitate
Precipitate
in 12 M H2SO4
12 M precipitate
Precipitate
in 15 M H2SO4
15 M precipitate
18 M precipitate
Precipitate
in 18 M H2SO4
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Figure 3.6. Normalized Tc K-edge XANES spectra for: KTcO4 (black), TcS2 (kaki), precipitates in 3
M (blue), 6 M (green), 9 M (purple), 12 M (orange), 15 M (cyan) and 18 M (red) H 2SO4
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The positions of the absorption edge of the solids normalized to pertechnetate edge
were compared to the position of other Tc compounds (Table 3.6).[13,70,89,121-123] The Tc
K-edge shift relative to KTcO4 of the solids was consistent with previous XANES studies
of Tc2S7 (Table 3.6).[13,70] In the system examined in this work, the shift of the Tc K-edge
was consistent with the presence of a Tc(IV) species; a shift from - 6.5 to - 10.5 eV
versus TcO4-. As suggested in a previous study, the position of the Tc K-edge is lower in
TcS2 than in TcO2 due to the difference of electronegativity between O and S ligands.[123]
Based on the presented data, the existence of a Tc(VII) species with the formula Tc 2S7 is
considered unlikely.
From the previous studies, it was noted that when TcO4- reacts with sulfur reagents,
reduced Tc species are formed. Treatment of TcO4- with (Me3Si)2S produced a
precipitate which exhibited a large negative Tc K-edge shift compared to the one of
TcO4- (i.e., -7.4 eV) and results were consistent with the presence of Tc(IV).[124] Another
study proposed that the reaction between S2- and TcO4- yielded a Tc3S10, a cluster
compound most likely containing Tc(IV) with S2- and S22-. Two different oxidation states
for sulfur in the same compound could explain why the purported “Tc 2S7” would be a
Tc(IV) compound.[70] In general, Tc compounds with sulfur ligands are present as
reduced Tc species.[41]
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Table 3.6. Shift of the Tc K-edge absorption relative to KTcO4 in eV for solids

Compounds [reference]

Oxidation State

K-edge shift

KTcO4

VII

0

TcO2 [89]

IV

- 6.95

TcO2.xH2O [122]

IV

- 6.75

TcS2 [123]

IV

- 10.5

Tc2S7 [70]

IV

- 6.5

Tc2S7 [13]

IV or IV/V

-8

Tc metal [121]

0

- 19.85

Precipitate 3 M, 6 M, 9 M and 12 M H2SO4

-

- 8.7

Precipitate 15 M H2SO4

-

- 9.8

Precipitate 18 M H2SO4

-

- 7.8

The EXAFS spectra of the solids were recorded in the k-range [0-15] Å-1 in
fluorescence mode on Tc K-edge. After background removal and extraction, the spectra
were merged, k3-weighed and the Fourier transform performed in the k-range [2-12] Å-1.
As explained in section 2.2.1.2, k corresponds to the wave number of the photo-electron
after X-ray excitation of the absorbing atom. The EXAFS results can be described by the
oscillations as a function of photo-electron wave number χ(k), which quickly decays with
k. To emphasize the oscillations, χ(k) is often multiplied by a power of k, typically k3. The
different frequencies apparent in the oscillations in χ(k) correspond to different nearneighbor coordination shells which can be described and modeled according to the
EXAFS equation (Equation 2.6). The fitting procedure was performed using the Tc-S and
Tc-Tc scattering path determined by FEFF8.2 for crystalline TcS2 [125]. The adjustments of
spectra were performed in 2 < k < 12 Å-1 and 0 < R < 8 Å-1, where R is the distance to the
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neighboring atom. For the fitting procedure, the coordination number (CN), the distance
(R) and the Debye-Waller factor (σ2) were allowed to vary. A single value of energy shift
(ΔE0) was used for all scattering. The amplitude reduction factor (S02) was fixed at 0.9.
More fitting information is given in Appendix B.

Table 3.7. Structural parameters found by EXAFS for precipitates in 3 M, 6 M, 9 M, 12 M, 15 M
and 18 M H2SO4

Compound

Scattering CN

R [Å]

σ2 [Å2]

ΔE0

Reduced Residual

[eV] chi2

path

[%]

Precipitate 3 M
H2SO4

Tc-S
Tc-Tc

6.7+1.3 2.37(2) 0.006
1.6+0.3 2.77(3) 0.004

1.22

10.31

1.19

Precipitate 6 M
H2SO4

Tc-S
Tc-Tc

6.8+1.4 2.37(2) 0.006
1.5+0.3 2.77(3) 0.003

2.05

11.00

1.72

Precipitate 9 M
H2SO4

Tc-S
Tc-Tc

5.2+1.0 2.38(2) 0.0036
1.7+0.3 2.77(3) 0.004 4.78

8.36

1.89

Precipitate 12 M Tc-S
H2SO4
Tc-Tc

6.8+1.4 2.37(2) 0.007
2.0+0.4 2.78(3) 0.010

1.74

143

2.41

Precipitate 15 M Tc-S
H2SO4
Tc-Tc

6.6+1.3 2.37(2) 0.007
0.7+0.1 2.77(3) 0.001

2.91

3.18

3.31

Precipitate 18 M Tc-S
H2SO4
Tc-Tc

7.5+1.4 2.36(2) 0.006
1.2+0.2 2.78(3) 0.001

3.25

66.85

2.39
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Figure 3.7. Fitted k3-EXAFS spectra (top) and Fourier Transform of k3-EXAFS spectra (bottom)
for the solids precipitates in 3 M (blue), 6 M (green), 9 M (purple), 12 M (orange), 15 M (cyan)
and 18 M (red) H2SO4. Fits are in black
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The results (Table 3.7, Figure 3.7) indicate that for the solids, the environment of the
absorbing Tc atom is seven S atoms at 2.37(2) Å and two Tc atoms at 2.77(3) Å. The
solids obtained from the reaction between KTcO4 and H2S(g) are expected to be similar
under the range of examined acid concentrations. In 3 M, 6 M and 12 M H 2SO4 the
precipitates exhibit comparable local structure to the solid Tc2S7 previously reported.[70]
The precipitates in 9 M, 15 M and 18 M H2SO4 are slightly different. The fact that the
solids are amorphous could explain the slight differences in the EXAFS fitting.
Amorphous samples do not exhibit long range ordering in their structure. For EXAFS,
this generally results in slight changes in the first and second coordination shell around
the absorbing atom.

The XAFS data on Tc K-edge confirmed that solids were comparable and contained a
reduced technetium form. They exhibited similar local structure with a typical Tc-Tc
distance (2.77 Å) found in literature for Tc2S7.[70] Those previous data reported were
compared with MoS3 EXAFS data from Weber et al.[126] and typical transition metal
triangular clusters. However some concerns could be expressed about those
comparisons since three different hypotheses were formulated concerning the structure
of MoS3 but only one was taken into account for the EXAFS analysis by Lukens

[70]

. In

fact, the structure of MoS3 can be described as three different structures; disordered
chains, Mo3 triangles, or a mixture of chains and triangles. The main difference is on the
local environment around the Mo atoms. The chain model is a dimer (Mo-Mo bonded at
~

2.7 Å and non-bonded Mo-Mo at

~

3.1 Å). The triangle model implies two types of
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triangle: equilateral triangles with each Mo bonded to 2 Mo at

~

2.7 Å and isosceles

triangles with 2 short sides at ~ 2.7 Å and one at ~ 3.1 Å.[127] According to various EXAFS
studies on MoS3 it was realized that it is almost impossible to distinguish with certainty a
chain structure from a triangular one.[126,128] As a result, the data were not conclusive
enough to determine the exact nature of the precipitates. The analyses agreed with
previous studies on Tc2S7 and because Tc2S7 and MoS3 can be obtained by similar
method and exhibit comparable structure parameter in EXAFS analyses

[129]

the

compounds may be structurally related.

Because EXAFS on the metal edge was not enough to assert on the exact structure of
the compounds, further analyses on the sulfur K-edge absorption spectroscopy were
necessary to estimate the oxidation state of sulfur in this compound and thus evaluate
the oxidation state of technetium that satisfied the electron count. The XAFS analysis on
the S-edge had been used for rhenium and molybdenum, but inconsistent results were
found in different studies. Re2S7 had been described as: Re3.52(S22-)3.5
ReV(S2-)1.5(S22-)1
[126]

[73]

[130]

or

and MoS3 had been proposed as: MoV(S22-)0.5(S2-)2 and MoIV(S22-)S2-

. But due to close proximity of the Mo L-edge and the S K-edge, no precise

information on the number of disulfide groups was obtained.
The work compared the Tc2S7 and Re2S7 S K-edge. Preliminary data analyses were
performed by Dr. Stosh Kozimor and Dr. Angela Olson from LANL. Unfortunately the
samples prepared exhibited self-absorption preventing accurate determination of
coordination number. The XANES spectra of Tc2S7 and Re2S7 were similar and presented
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characteristic peaks of sulfate at 2482.5 eV due to incomplete washes. The pre-edge
region between 2471 eV and 2473 eV indicated the amount of mixing of metal d-orbitals
with the S 3p-orbitals to be similar for Tc2S7 and Re2S7. To model the pre-edge and edge
regions, symmetrically-constrained pseudo Voigt line shapes with fixed 1:1 Lorentzian to
Gaussian ratios were used. An additional feature, which consisted of a 1:1 ratio of
arctangent and error function contributions, was used to model the edge step. The
curve-fitting analysis revealed that the pre-edge intensities observed for Tc2S7 and Re2S7
were nearly equivalent (Figure 3.8 and Figure 3.9). Experimental intensities were
derived from the area under pseudo-Voigt functions used to generate the curve fit, and
have an estimated error of approximately 5% (Table 3.8). The total intensities observed
in the pre-edge region of the S K-edge XAS spectra of Tc2S7 and Re2S7 were 6.9 and 7.0

Normalized Intensity

respectively. The analysis could not determine the exact quantities of S2- and S22-.

2.0
1.5
1.0
0.5
0.0
2470

2475

2480

2485

Energy (eV)
Figure 3.8. S K-edge XAS data for Tc2S7 (black trace) with curve-fitting analysis. The model for
the data (red trace), pre-edge functions (brown and green traces), edge step (dark blue trace),
and post-edge functions (light blue and pink traces) are provided
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Normalized Intensity

2.0

1.5

1.0

0.5

0.0
2470

2475

2480

2485

Energy (eV)
Figure 3.9. S K-edge XAS data for Re2S7 (black trace) with curve-fitting analysis. The model for
the data (red trace), pre-edge functions (brown and green traces), edge step (dark blue trace),
and post-edge functions (light blue and pink traces) are provided

Table 3.8. Comparison of experimental S K-edge pre-edge peak energies and normalized
intensities for Tc2S7 and Re2S7

Compound

Energy [eV]

Intensity [Int]

Tc2S7
Precipitate 3 M H2SO4

2472.0
2473.3

3.18
3.76

Re2S7
Precipitate 3 M H2SO4

2472.1
2474.0

5.32
1.68

The compounds Tc2S7 and Re2S7 seemed to be similar and the presence of a mixture
of S(-I) and S(-II) was possible. The analyses performed on the precipitates from the
various sulfuric acid molarities were not sufficient to determine in details the exact
structure of Tc2S7.
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3.3.2 Solutions Analyses
Technetium solution speciation was performed to examine the precipitation
mechanism of Tc2S7. After reaction between KTcO4 and H2S(g) in H2SO4, the brown
supernates were analyzed. The H2SO4 concentration ranged from 3 M to 18 M.
Concentration analysis by LSC indicated that majority of the Tc remained in solution
(Table 3.5). During the reaction, the solution was saturated with H2S(g). The
concentration of H2S in solution was 0.024(1) mol/L after the reaction (see Chapter 2
section 2.2.2.6).
The UV-Visible spectra of the supernates (Figure 3.10) exhibited bands at 253 nm,
320 nm and 505 nm. The band around 320 nm and 505 nm were attributed to the
presence of polymeric Tc-O species (i.e., TcnOy(4n-2y)+).[131] Previous studies in sulfate
media have shown that Tc(IV) polymeric complexes exhibit a band around 500
nm.[131,132] The band around 253 nm could correspond to the presence of pertechnetate
or to the purple species detected in a previous study after dissolving Tc 2S7 in water [118].
The Figure 3.10 shows that the polymeric species concentration increased with acidity.
This could explain why less precipitation was observed in higher acid concentration. All
the solutions present the characteristic peak of polymeric Tc-O species at 320 nm. For a
concentration of sulfuric acid higher than 12 M, the UV-Visible spectra were slightly
different and did not exhibit any clear band at 500 nm probably due to the presence of
possible polymeric colloids in solution explaining the upward curving of the spectra at
lower wavelength.
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Figure 3.10. UV-Visible spectra of supernates after dilution (1:1000) in H2SO4: 3 M (blue), 6 M
(green), 9 M (purple), 12 M (orange), 15 M (cyan) and 18 M (red). A magnified view is
presented in the right top corner of the supernates after dilution (1:100) in H2SO4

A study was performed by suspending 5 mg of the precipitates obtained in 3 M
H2SO4 in 5 mL of fresh 3 M H2SO4. Over time the solution changed from colorless to
brown-grey and to yellow-brown but the majority of the precipitate was still present as
a suspension. After 4 months, the solution was analyzed by UV-Visible spectroscopy; a
few drops of the colored solution was filtered, added to fresh 3 M H2SO4 and analyzed
by UV-Visible spectroscopy (Figure 3.11). The same study was performed on the
precipitates obtained in 6 M, 9 M, 12 M, 15 M and 18 M H 2SO4 and placed in fresh 6 M,
9 M, 12 M, 15 M and 18 M H2SO4 respectively. Incomplete dissolution prevented
accurate concentration determinations; the solutions were prepared to provide
comparable spectra (Figure 3.11). All solids have an absorption peak around 320 nm
when dissolved in sulfuric acid. This peak was also observed in the diluted supernates in
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190

Figure 3.10. The spectra in Figure 3.10 and Figure 3.11 were compared for the reactions
in 3 M, 12 M, and 18 M H2SO4. The superposition of the spectra is presented in Figure
3.12. Both curves for each molarity exhibited similar spectral signatures. The dissolution
of Tc2S7 in sulfuric acid formed complexes that appeared to be similar to the species
present in the supernate. This phenomenon was observed with rhenium where
oxosulfide perrhenate and ReS4- are known as intermediates before precipitation of
Re2S7 during the reaction between perrhenate and hydrogen sulfide gas. Those
intermediates were also observed after dissolution of Re2S7 in water or acid.[133] It can
be implied that when precipitates, obtained after H2S(g) reaction in acid, are dissolved
back in acid; the species detected by UV-Visible are similar to the ones present in the
supernate.
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Figure 3.11. UV-Visible spectra of the solids dissolved back in fresh acid: 3 M (blue), 6 M
(green), 9 M (purple), 12 M (orange), 15 M (cyan) and 18 M (red) H2SO4
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Figure 3.12. Comparison UV-Visible spectra of supernates and solid dissolved back in acid: 3 M
(blue), 12 M (orange) and 18 M (red) H2SO4

To determine the nature of the technetium species in the concentrated supernates,
Tc K-edge XAFS analyzes were performed. The XANES spectra of the supernates (Figure
3.13) were compared to pertechnetate. Absence of pre-edge at 21044 eV indicated that
the pertechnetate was consumed during the reaction. The positions of the absorption
edge of the supernates relative to pertechnetate were measured to be between - 6.6 eV
and - 7.8 eV (Table 3.9). If the K-edge shift are compared to the solid state (Table 3.6),
the results are consistent with the presence of Tc(IV) species in solution.
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Figure 3.13. Normalized Tc K-edge XANES spectra for: KTcO4 in water (black), supernates in 3
M (blue), 6 M (green), 9 M (purple), 12 M (orange), 15 M (cyan) and 18 M (red) H2SO4

Table 3.9. Shift of the Tc K-edge absorption relative to KTcO4 in eV in solution

Compounds

K-edge shift

KTcO4

0

Supernate 3 M, 6 M and 15 M H2SO4

- 6.6

Supernate 9 M H2SO4

- 6.9

Supernate 12 M H2SO4

- 7.5

Supernate 18 M H2SO4

- 7.8

The EXAFS spectra of the solutions were recorded in the k-range [0-15] Å-1 in
fluorescence mode on the Tc K-edge. After background removal and extraction, the
spectra were merged, k3-weighed and the Fourier transform performed in the k-range
[3-13] Å-1. The fitting procedure was performed using two different models. The first
corresponded to the complex Tc2O(HSO4)4(H2O)2(OH)2. It exhibits the Tc-O-Tc core
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structure and was derived from [Cl5-Tc-O-Tc-Cl5]4-

[134]

by replacing the Cl by O atoms

and by adding monodentate and bidentate sulfate ligands (Figure 3.14).[120] This model
was used for analyses of Tc species which exhibited the Tc-O-Tc core coordinated to
monodentate (Tc-Smono) and or/ bidentate (Tc-Sbid) sulfate ligands. The second model
was TcO2 [135] and was used to fit the 18 M H2SO4 supernate to evaluate the presence of
Tc2(μ-O)2.

Figure 3.14. Molecule Tc2O(HSO4)4(H2O)2(OH)2 used for the EXAFS fitting (model 1)

The adjustments of spectra were performed in 3 < k < 13 Å-1 and 0 < R < 8 Å-1. For
the fitting procedure, a single value of energy shift (ΔE 0) was used for all scattering. The
Debye-Waller factor (σ2) were fixed to the values found in the literature

[119,121,136]

; the

coordination number (CN) and the distance (R) were allowed to vary and the best
adjustments were defined as the lower value of reduced chi2. The amplitude reduction
factor (S02) was fixed at 0.9. More fitting information is given in Appendix B. Under our
conditions, the spatial resolution (π/2Δk ~ 0.16 Å) allowed to distinguish the Tc=O from
the Tc-O contributions, and the monodentate from the bidentate Tc-S(O4) contribution.
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Unfortunately, it was not possible to distinguish the Tc-O(H2) (i.e., ~ 2.23 Å) from Tc-O(S)
(i.e., ~ 2.16 Å) contributions.[120]

When Fourier Transform k3-EXAFS spectra of the supernates were compared (Figure
3.15), some differences were noticeable. The supernates in 3 M, 6 M, 9 M and 12 M
H2SO4 were similar. The supernate in 15 M H2SO4 did not appear to contain polymeric
species as it lacked a peak around 3.60 Å. The supernate in 18 M H2SO4 was different
having peaks with different heights and distances than the supernates in 3 M, 6 M, 9 M,
12 M and 15 M H2SO4.
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The spectra for each supernate was analyzed and fitted with model 1 (i.e.,
Tc2O(HSO4)4(H2O)2(OH)2 showed in Figure 3.14) or model 2 (i.e., TcO2). The supernate in
18 M H2SO4 was fitted using model 2 for the Tc-O configuration from TcO2 and model 1
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5

for the contribution from monodentate sulfates. From the results (Table 3.11, Figure
3.16) the Tc species in the supernate in 18 M H2SO4 exhibits the Tc2(μ-O)2 unit
coordinated with two axial ligands, one OH or H2O at 1.82(2) Å and a monodentate
sulfate at 3.25(3) Å.
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Figure 3.16. Fitted k3-EXAFS spectra (left) and Fourier Transform of k3-EXAFS spectra (right) for
the supernate in 18 M (red) H2SO4. Fits are in black

Table 3.10. Structural parameters found by EXAFS for supernates in 18 M H2SO4

Compound

Scattering

CN

R [Å]

path
Supernate
18 M H2SO4

Tc-O
Tc-O
Tc-Tc
Tc-Smono

1.1+0.2
4.4+0.9
1.0+0.2
0.9+0.2

1.82(2)
2.03(2)
2.42(2)
3.25(3)

σ2 [Å2]

ΔE0

Reduced Residual

(fixed)

[eV]

chi2

0.009
0.008
0.006
0.009

7.89

7.18

[%]

4.64

For the fitting in 15 M H2SO4, using the model 1, it has been determined that the
species were not polymeric. The reaction time was 15 minutes, which may not have
been long enough time for polymerization, characterized by a peak in the Fourier
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transform around 3.60 Å. The results (Table 3.11, Figure 3.17) were very similar to the
ones obtained for Tc species reduced in sulfuric acid 12 M with methanol.[120] The Tc
species in the supernate in 15 M H2SO4 is monomeric containing one oxygen double
bonded at 1.81(2) Å, 4 oxygen atoms corresponding to H2O or OH- ligands at 2.02(2) Å,
one bidentate sulfate ligand at 2.85(3) Å and two monodentate sulfate ligands at 3.22(3)
Å. The differences for the supernates in 18 M and 15 M were already observed in the
UV-Visible spectra. The technetium chemistry in 18 M and 15 M H2SO4 with H2S(g)
seemed to be different than in lower molarity. The EXAFS results confirmed the
presence of different Tc species in solution compared to the ones present in 3 M, 6 M, 9
M and 12 M H2SO4.
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Figure 3.17. Fitted k3-EXAFS spectra (left) and Fourier Transform of k3-EXAFS spectra (right) for
the supernate in 15 M (cyan) H2SO4. Fits are in black
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Table 3.11. Structural parameters found by EXAFS for supernates in 15 M H2SO4

Compound

Scattering

CN

R [Å]

path
Supernate
15 M H2SO4

Tc-O
Tc-O
Tc-Sbid
Tc-Smono

1.3+0.3
4.0+0.8
0.3+0.1
1.9+0.4

1.81(2)
2.02(2)
2.85(3)
3.22(3)

σ2 [Å2]

ΔE0

Reduced Residual

(fixed)

[eV]

chi2

0.002
0.004
0.006
0.009

-4.62

500

[%]

15.56

The EXAFS analysis established some trends with the H2SO4 concentration. A peak
around 3.60 Å was present indicating the presence of polymeric species. However, the
first peak in 3 M H2SO4 was noticeably larger than the other solutions. This first peak
corresponds to a Tc-O scattering path around 1.80 Å, which could be due to the
presence of KTcO4 or another Tc-O complex. Since EXAFS analysis averages distances, it
is difficult to distinguish if there is multiple species in solution. If 20% of TcO4- remained
in solution, the XANES would not present the characteristic pre-edge at 21044 eV, and
the peaks in the UV-Visible spectroscopy would not show any evidence of presence of
TcO4- due to the overlap of the peaks. The only possibility to detect TcO4- in the
supernate was to perform mass spectrometry analyses.
Electrospray mass spectrometry experiments on pure KTcO4 in 3 M H2SO4 and the
supernate were performed. The samples were analyzed using a mixture 1:1 DI
H2O:MeCN, at a temperature of 400 °C in negative mode. It is known that for TcO4shows a peak at m/z = 163. A solution of the 9.86x10-2 mol/L KTcO4 in 3 M H2SO4 was
diluted by 100 in DI H2O and analyzed by ESI/MS. The graphic presented mainly peaks at
m/z = 160, 163 and 195 (black, Figure 3.18). Hydrogen sulfide was bubbled for 20
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minutes through a solution of 3.14x10-2 mol/L KTcO4 in 3 M H2SO4. The supernate
diluted by 10 was analyzed by ESI/MS. The spectrum contained peaks at m/z = 160 and
195 and small peaks at m/z = 163 and 293 (grey, Figure 3.18). This indicates that at the
end of the reaction of KTcO4 and H2S in 3 M H2SO4, a small quantity of TcO4- is still
present in solution.
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120000000
100000000
80000000

KTcO4 in 3 M H2SO4
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60000000
40000000
20000000

m/z

300

250

200

150

0

Figure 3.18. ESI/MS spectra, negative polarity, solvent DI H2O: MeCN, for KTcO4 in 3 M H2SO4
(black) and the supernate after reaction with H2S (grey)

The EXAFS measurements have shown that the Tc species were very similar in 3 M, 6
M, 9 M and 12 M H2SO4 (Figure 3.19 and Figure 3.20). The supernates in 3 M, 6 M, 9 M
and 12 M H2SO4 spectra were fitted using the model 1 (Figure 3.14). The results of the
adjustments having the lower reduced chi2 (Table 3.12) indicate the environment of the
absorbing Tc in the supernates to be constituted, in average, by one oxygen atom at
1.82(3) Å between two technetium atoms, four oxygen atoms at 2.04(3) Å, one
bidentate sulfur atom at 2.86(5) Å, one monodentate sulfur atom at 3.17(5) Å and one
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technetium atom at 3.64(6) Å. Moreover, in 3 M H2SO4, if 20% of the TcO4- is in solution,
the EXAFS results would record the presence of approximately one atom of O at 1.8 Å.
This explains why during the fitting the peak Tc-O was found to contain around two
oxygen atoms at 1.83 Å. The EXAFS results are consistent with the presence in the
supernates of a polymeric species with the Tc-O-Tc core structure. The distance
between the first Tc-O and the distance of the multiscattering path Tc

O

Tc

correspond to a dimeric Tc-O species. Different ligands are coordinated to the Tc center:
one monodentate sulfate, one bidentate sulfate, 0, 1 or 2 water ligands and/or 0, 1 or 2
hydroxide anion ligands. This result is consistent with the model used for the fitting
(Figure 3.14).
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Table 3.12. Structural parameters found by EXAFS for supernates in 3 M, 6 M, 9 M and 12 M
H2SO4

Compound

Scattering

CN

R [Å]

path

Supernate
3 M H2SO4

Supernate
6 M H2SO4

Supernate
9 M H2SO4

Supernate
12 M H2SO4

σ2 [Å2] ΔE0

Reduced Residual

(fixed)

chi2

Tc-O
Tc-O
Tc-Sbid
Tc-Smono
Tc O Tc

1.7+0.4
3.0+0.6
0.8+0.2
1.0+0.2
0.4+0.1

1.83(2)
2.05(2)
2.67(3)
3.20(3)
3.63(4)

0.002
0.004
0.006
0.009
0.008

Tc-O(-Tc)
Tc-O
Tc-Sbid
Tc-Smono
Tc O Tc

1.3+0.3
3.5+0.7
1.1+0.2
1.3+0.3
0.7+0.3

1.83(2)
2.05(3)
2.86(3)
3.16(3)
3.64(4)

0.002
0.004
0.006
0.009
0.008

Tc-O(-Tc)
Tc-O
Tc-Sbid
Tc-Smono
Tc O Tc

1.2+0.2
3.6+0.7
0.9+0.2
1.3+0.3
0.8+0.3

1.82(2)
2.04(2)
2.88(3)
3.18(3)
3.65(4)

0.002
0.004
0.006
0.009
0.008

Tc-O(-Tc)
Tc-O
Tc-Sbid
Tc-Smono
Tc O Tc

1.3+0.3
3.8+0.8
0.7+0.1
1.1+0.2
0.7+0.3

1.81(2)
2.03(2)
2.84(3)
3.16(3)
3.62(4)

0.002
0.004
0.006
0.009
0.008

[eV]

[%]

-8.43

18.88

22.74

-3.16

192

10.90

-0.66

1457

12.66

-3.62

736

13.51

To determine the formation mechanism of the soluble species, the reaction between
TcO4- in 3 M and 12 M H2SO4 and H2S(aq) was studied by UV-Visible spectroscopy. During
the reaction, color changes were observed. The colorless pertechnetate 3 M H2SO4
solution immediately turned brown with addition of H2S(g), while the yellow 12 M H2SO4
technetium solution turned green then brown. To control the H2S concentration, a
solution of H2SO4-H2S(aq) was prepared by bubbling H2S(g) in 3 M and 12 M H2SO4 for 20
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minutes. Various volumes of the H2SO4-H2S(aq) solution were added to the technetium
solution (see Section 3.2) then analyzed by UV-Visible spectroscopy.
After dissolution of KTcO4, the solutions were colorless in 3 M H2SO4 while yellow in
12 M H2SO4 (Figure 3.21, sample ini). In 3 M H2SO4, Tc(VII) is present as a TcO4- and as
TcO3(OH)(H2O)2 in 12 M H2SO4. The H2SO4 – H2S(aq) solution was added to the Tc(VII)
solutions at different ratios and changes of color were observed. In 3 M H2SO4, the
colorless solutions became immediately brown (Figure 3.21, samples 1 to 4) while in 12
M H2SO4 the yellow solutions turned to green (Figure 3.21, samples 1 and 2) and brown
(Figure 3.21, samples 3 and 4).

Figure 3.21. Solutions obtained in 3 M (top) and 12 M H2SO4 (bottom) when TcO4- solution and
H2SO4-H2S(aq) solutions were mixed at different ratios

UV-Visible spectroscopic measurements showed that no specific band was observed
in 3 M H2SO4 (Figure 3.22) while in 12 M H2SO4 a band at 700 nm (Figure 3.23) appeared
after the first addition of H2SO4-H2S(aq) solution (samples 1, 2 and 3). The band at 700 nm
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was very stable over time. When the concentration of H2S in solution increased, a brown
solution (sample 4) was produced and no specific band or peak was observed, probably
due to the formation of colloidal species. By analogy with previous studies, it was
proposed that the intermediate green complex corresponded to the Tc(V) sulfate
complex TcO(HSO4)3(OH)-.[120]
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Figure 3.23. UV-Visible spectra of the solutions immediately after addition (left) and two hours
later (right) in 12 M H2SO4
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Based on UV-Visible and EXAFS spectroscopic data, TcO4- is not stable in 12 M H2SO4
and converted to TcO3(OH)(H2O)2 (Figure 3.24, molecules a and b).[119] In the presence of
H2S, TcO3(OH)(H2O)2 is reduced to a green Tc(V) complex coordinated to sulfate,
hydroxide and water ligands. This green solution exhibits the same absorption band at
700 nm as TcO(HSO4)2(H2O)2(OH) and TcO(HSO4)3(OH)- (Figure 3.24, molecule c).[120]

Figure 3.24. Proposed mechanism for the formation of the Tc species present in the supernate
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The EXAFS spectroscopy indicated that the supernate species in 12 M H2SO4 after 20
minutes of reaction are dinuclear Tc(IV) species. To obtain polymeric species having
Tc(IV) it is most likely that it exists as a monomeric Tc(IV) sulfate intermediate species
(Figure 3.24, molecule d). This Tc(IV) sulfate species will polymerize and form the
dimeric Tc-O-Tc sulfate compound described by EXAFS (Figure 3.24, molecule e).

The structure and stability of the Tc(IV) monomeric sulfate species was optimized
using DFT approach as implemented in the Gaussian 09 package

[104]

. The optimized

structure is presented in Figure 3.25 and the associated geometrical parameters are
summarized in Table 3.13. The DFT simulations support the stability of this complex.

Figure 3.25. Optimized DFT structure of Tc(HSO4)2(H2O)(OH)2. Color legend: Tc, cyan; O, red; S,
yellow; H, white
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Table 3.13. Average inter-atomic distances from DFT calculations of the optimized complex
Tc(HSO4)2(H2O)(OH)2

Distance [Å]

Tc(HSO4)2(H2O)(OH)2

Tc-Obid
Tc-Omono
Tc-OH2
Tc-OHTc-Sbid
Tc-Smono

2.17
2.08
2.25
1.87
2.77
3.17

The structure and stability of Tc2O(HSO4)4(H2O)2(OH)2 was also optimized using DFT
approach as implemented in the Gaussian 09 package

[104]

. The optimized structure is

presented in Figure 3.26 and associated geometrical parameters are summarized in
Table 3.14. The DFT simulations support the stability of this complex and the
geometrical

parameters

were

in

good

agreement

with

those

determined

experimentally. The average inter-atomic distances from DFT calculations were
compared to distances determined by EXAFS (Table 3.14). The results of the EXAFS
fitting are consistent with the presence of water or hydroxide ligands (Tc-O = 2.03 Å).
The DFT was able to differentiate those two ligands at a distance of 2.20 Å for water and
1.89 Å for hydroxide ligands, which corresponds to a mean distance of 2.045 Å. The
EXAFS fitting was able to assign presence of monodentate or bidentate sulfate ligands
using the scattering paths Tc-Smono around 3.16 Å and Tc-Sbid around 2.84 Å respectively.
Unfortunately, it could not determine the distance Tc-O from the monodentate sulfate
(Tc-Omono) or the bidentate sulfate (Tc-Obid) ligands. However, DFT calculations gave
distances Tc-Obid and Tc-Omono to be at 2.22 Å and at 2.04 Å respectively.
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Figure 3.26. Optimized DFT structure of Tc2O(HSO4)4(H2O)2(OH)2. Color legend: Tc, cyan; O, red;
S, yellow; H, white

Table 3.14. Average inter-atomic distances from DFT calculations of the optimized complex
Tc2O(HSO4)4(H2O)2(OH)2

3.4

Distance [Å]

DFT results

EXAFS results

Tc-O(-Tc)
Tc-Obid
Tc-Omono
Tc-OH2
Tc-OHTc-Sbid
Tc-Smono
Tc O Tc

1.82
2.22
2.04
2.20
1.89
2.83
3.27
3.63

1.81
2.03
2.03
2.84
3.16
3.62

Conclusion
Transition metal sulfides with the stoichiometry M2S7 (M = Tc and Re) have been

reported. Those compounds can be obtained from the reaction between MO4- with
H2S(g), in which the pH of the solution governs the nature of the product as oxosulfide
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or/and sulfide. The reaction of pertechnetate solutions in 3 M, 6 M, 9 M, 12 M, 15 M
and 18 M sulfuric acid with hydrogen sulfide gas was studied.
The precipitates obtained were analyzed by various techniques. It was found that
the solids contained technetium and sulfur but, no exact stoichiometry was obtained
due to the possible presence of impurities as sulfuric acid trapped or the presence of
ligands as H2O or HS-. The XAFS analysis established that the existence of a Tc(VII)
species with the formula Tc2S7 was considered unlikely. The precipitates were similar for
all sulfuric acid concentration studied. From previous study and the XAFS fitting results,
the precipitates have similar structure than the compound Tc2S7 which can be described
as a chain, a Tc3 triangle cluster or a mixture of those.[70] Thus the slight differences in
the Tc K-edge EXAFS results could be due to the fact that the solids did not precipitate in
the same conformation in different H2SO4 concentrations.
For the first time, analyses on the supernates of the reactions were studied by UVVisible and XAFS spectroscopies. The UV-Visible results indicated the presence of
polymeric species. The EXAFS results demonstrated that a reduced Tc was present in
solutions. The fitting study showed that the Tc species were very similar in 3 M, 6 M, 9
M and 12 M H2SO4, showing the presence of polymeric Tc-O-Tc surrounded by sulfate,
water and/or hydroxide ligands. Technetium species in the supernate in 15 M H 2SO4
showed the presence of monomeric specie surrounded by sulfate, water and/or
hydroxide ligands. The Tc species in the supernate in 18 M H2SO4 had the configuration
Tc2(μ-O)2 surrounded by monodentate sulfate, water and/or hydroxide ligands.
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The mechanism of formation of soluble Tc species in 12 M H2SO4 after reaction with
H2S has been investigated. Spectroscopic results are consistent with the presence of
polymeric species with a Tc-O-Tc core, coordinated to monodentate and bidentate
sulfate ligands, water and /or hydroxide molecules. The mechanism could be described
as successive reduction of TcVIIO3(H2O)2(OH) to TcVO(HSO4)3(OH)- and to Tc(IV)
complexes (i.e., Tc(HSO4)2(H2O)(OH)2 and Tc2O(HSO4)4(H2O)2(OH)2). The oxosulfide and
sulfate complexes polymerized, formed colloids and a solid was ultimately obtained. The
formation of the solid depends of various factors such as the ratio of sulfur to metal, the
reaction time, the pH and the temperature. The change of speciation of Tc(VII) in
sulfuric acid could explain the difference of reactivity with hydrogen sulfide and the
quantity of precipitate Tc2S7.

94

4

4.1

Chapter 4: Solid state chemistry of technetium disulfide

Introduction
Transition metal disulfides are of interest for many industrial, technological and

biological applications. Their syntheses play an important role in their characteristics,
properties and utilizations. These compounds are efficient catalysts and widely used in
hydrotreament

processes

(e.g.,

hydrodesulfurization,

hydrodenitrogenation,

hydrogenation and hydrocracking).[137-141] Metal disulfides nanostructures may be used
as high temperature lubricants, high performance fibers and textiles, electrode
materials in ion batteries/ in fuel cell, or as superconductors.[142] Also, materials with
layered structures (e.g., ReS2 or TiS2) have optical and electronic properties that are of
interest for solar cell materials, photodetectors and battery development.[143,144]
The group VII binary sulfides MS2, M2S7 (M = Tc and Re) and ReSx (x = 3 and 4) have
been reported.[41,73,60] The exact nature of the heptasulfides is controversial and their
structures are unknown, while the disulfides have been well characterized and their Xray structures reported. In view of ReS2 properties, technetium disulfide should have
appealing properties and might find application as a waste form for spent nuclear
fuel.[24]
The synthetic chemistry of technetium disulfide has been poorly studied and only
one procedure for the preparation of TcS2 has been reported; treatment of Tc2S7 with
excess sulfur in a bomb at 1000 °C.[71] In contrast, rhenium disulfide can be prepared by
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several methods: thermal decomposition of Re2S7

[60]

, reaction between elements in a

sealed tube[44,59], reaction between NH4ReO4 and H2S(g)[61], and a metathetic reaction [44].
To evaluate the potential of TcS2 as a waste form, preparing macroscopic amounts of
material is of importance. In this context, new synthetic routes to synthesize TcS 2 were
investigated. These include a solid state reaction between technetium metal and sulfur
at elevated temperature, a reaction between Tc2(O2CCH3)5 and H2S(g) at elevated
temperature, and a reaction between K2TcCl6 and H2S(g) in sulfuric acid at room
temperature. The solids isolated from these reactions were characterized by

99

Tc

elemental analysis and XAFS spectroscopy. All of those reactions from different
oxidation state technetium compounds lead to the same TcS 2 product, only variations in
crystallinity were observed.

4.2

Experimental
An initial attempt to prepare TcS2 from the thermal decomposition of Tc2S7 was

performed under flowing Ar gas. A quartz boat containing Tc2S7 (b) (105 mg) was placed
in a 50 cm quartz tube and heated at 1000 °C for an hour in a clamshell furnace. During
the reaction, a yellow powder, expected to be sulfur, sublimed to the cold end of the
tube. The black powder was weighted (53 mg) and analyzed by EDX and EXAFS
spectroscopy. This powder corresponded to a mixture of TcS2 and Tc metal.
In a different method, Tc2S7 (b) (35 mg, 0.083 mmol) and elemental sulfur (9.5 mg,
0.30 mmol) were placed in a 25 cm quartz tube which was connected to a Schlenk line

b

Precipitate from reaction between KTcO4 and H2S(g) in 3 M H2SO4, c.f., Chapter 3
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and flamed-sealed (L = 18 cm) under vacuum. The powders were in the middle of the
tube which was placed inside a clamshell furnace. The temperature was increased at
900 °C (6 °C/min) and held at temperature for 48 hours. After cooling to room
temperature, a black powder was observed in the middle of the tube while a yellow film
was condensed at the cool end of the tube. The tube was opened and the black powder
weighed (18.7 mg). To assure that the reaction went to completion, the black powder
was sealed in a second quartz tube with excess sulfur (15.5 mg, 0.48 mmol) and reacted
for 72 hours at 900 °C. After the reaction, a black powder (13.3 mg, 0.082 mmol, yield =
98%) was obtained. Technetium elemental analysis using LSC is consistent with the
stoichiometry TcS2.09(6). In the following, this product will be referred to as TcS2. The
samples obtained using the methods described above and below are summarized in
Table 4.1.
Synthesis Route (A). Tc metal (22 mg, 0.25 mmol) and sulfur (29 mg, 0.91 mmol)
were placed in a Pyrex tube (L = 25 cm) and flame-sealed under vacuum. The tube was
placed in a clamshell furnace; the temperature was increased to 450 °C (7.5 °C/min) and
held at that temperature for 72 hours. After the reaction, the powder (39.8 mg) was
placed in a second Pyrex tube, sealed with sulfur (14 mg, 0.44 mmol) and reacted at 450
°C for 72 hours. After the reaction, a black powder (35.6 mg, yield = 98%) was
recovered. The compound is X-ray amorphous and LSC analysis determined the

99

Tc

concentration present in the solid giving a stoichiometry consistent with TcS2.01(6). In the
following, this product will be referred to as sample A.
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Synthesis Route (B). Tc2(O2CCH3)5

(c)

(94 mg, 0.19 mmol) was dispersed in a quartz

boat and placed in a 50 cm quartz tube equipped with SolvSeal end caps. The system
was purged with H2S(g) for 15 minutes and a change of color from purple to black was
observed. The temperature was increased to 450 °C (15 °C/min) and held at that
temperature for an hour under flowing H2S(g). A liquid (acetic acid) was observed on the
cold end of the tube around 185 °C. The tube was cooled to room temperature under
flowing H2S(g) for 15 minutes. After the reaction, a black powder X-ray amorphous (62
mg, yield = 99%) was obtained. EDX showed only the presence of Tc and S peaks
consistent with the formation of a binary sulfide, with a stoichiometry of TcS 2.13(6)
calculated from LSC analysis. In the following, this product will be referred to as sample
B.
Synthesis Route (C). K2TcCl6 (135 mg, 0.35 mmol) was dissolved in 0.1 M H2SO4 (10
mL) and the solution transferred in a 15 mL glass centrifuge tube. A stream of H2S(g) was
passed through the solution which turned immediately brown-black. After 30 minutes of
reaction, the gas was stopped, the suspension was centrifuged and the brown supernate
was removed with a glass pipette. The black solid was washed three times with 2 mL of
the following solvents: 0.1 M H2SO4, acetonitrile, diethyl ether and carbon disulfide. The
black powder was dried, weighed (53 mg, yield = 94%) and analyzed. The EDX showed
the presence of a binary sulfide with only peaks for Tc and S atoms with a stoichiometry
of TcS2.16(6) calculated from LSC analysis. The solid will be referred to as sample C.

c

Reaction between KTcO4 and acetic acid in a Teflon Parr autoclave with production of 60 atm of H 2(g)
in situ at 210 °C for 72 hours produced purple crystals of Tc 2(μ-O2CCH3)4(η-O2CCH3).
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Table 4.1. Description of samples synthesized and analyzed

Samples label
TcS2
Sample A
Sample B
Sample C

4.3

Synthesis route

Yield

Tc2S7 thermal decomposition at 900 °C
Tc + S in sealed tube at 450 °C
Tc2(O2CCH3)5 + H2S(g) at 450 °C
K2TcCl6 + H2S(g) in 0.1 M HCl at RT

98%
98%
99%
94%

Results and discussion
Technetium disulfide was initially prepared by a slight variation of the method

reported in the literature; thermal treatment of ditechnetium heptasulfide with excess
sulfur in a bomb at 900 °C, and was used as a reference sample for the XAFS
spectroscopy study. It is important to note that a closed system with excess sulfur is
necessary since in the previous attempt a mixture of TcS2 and Tc metal was produced.
The new routes to produce TcS2 were based on methods used for other transition
metals or chalcogenides. The reaction of Tc metal with elemental Se or Te leads to TcSe2
and TcTe2.[41] It is known that reaction between transition metals and sulfur are
common for the preparation of disulfides

[44]

and it was expected that TcS2 will be

formed by this method (sample A). Transition metal disulfides can also be obtained in
solution from metathetic reactions between chloride complexes and sulfur reagents,
thus K2TcCl6 and H2S(g) were chosen to produce sample C. Finally, it was suspected that
new binary sulfide could be obtained from the reaction of Tc 2(O2CCH3)5 with flowing
H2S(g) at elevated temperature. The mixed-valent compound Tc2(O2CCH3)5 has been
discovered recently but its reactions with flowing gases (i.e., HCl, H2S) at elevated
temperature have not been studied. It is known that acetate complexes with flowing HCl
99

gas is commonly used to prepared binary halides for Tc and Re as described in Equation
4.1.[131,145]
M2(O2CCH3)4Cl2 + 4 HCl(g) → 2MCl3 + 4HO2CCH3

Equation 4.1

Because the technetium disulfide samples (Table 4.2) were X-ray amorphous, those
samples were characterized by 99Tc elemental analysis, EDX and XAFS spectroscopy.
The EDX analysis was used to confirm the formation of binary technetium sulfide
compounds for sample B and C. Figure 4.1 shows only peaks for Tc atom and S atom.
Table 4.2 gives the values for the EDX analyses on those compounds; the stoichiometry
is close to TcS2. However EDX measurements were performed on a TEM on seven
particles. To have reasonable and consistent stoichiometry in this type of analysis the
preparation of sample is crucial. Since the radiochemical analysis does not depend on
the sample preparation and represents the bulk sample, 99Tc elemental analysis by LSC
was performed on all samples.

Table 4.2. Values of the EDX analyses of samples B and C shown in Figure 4.1

Sample B

Sample C

Elements

Weight%

Atomic%

S(K)

40.864

67.869

Tc(K)

59.136

32.130

S(K)

43.425

70.116

Tc(K)

59.574

29.883
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Stoichiometry
TcS2.11

TcS2.34

S(K)

500
450

400
350

Counts

300

Sample B
Sample C

C(K)

250
200

Cu(K)
Tc(K)

150
100
50
0
0

5000

10000
Energy [eV]

15000

20000

Figure 4.1. EDX spectra for sample B (green) and sample C (purple)

For 99Tc analyses, around 5 mg of the compounds were suspended in concentrated
HClO4 (5 mL) for several days. After complete dissolution, the solutions were diluted by
1000 with DI H2O. The

99

Tc concentrations were determined by liquid scintillation

counting using a calibration curve performed in solution with composition similar to the
samples analyzed. The results are presented in Table 4.3.

Table 4.3. LSC results and analyses

TcS2

Sample A

Sample B

Sample C

Mass compounds analyzed [g]

0.0045

0.0042

0.0051

0.0044

Counts [CPM]

2055

1955

2308

1986

Concentration 99Tc before dilution [mol/L] 0.0054

0.0051

0.0061

0.0052

Mass Tc deducted [g]

0.0027

0.0025

0.0030

0.0026

%Tc in sample

0.5958

0.6066

0.5920

0.5885

Stoichiometry TcSx, x =

2.09(6)

2.01(6)

2.13(6)

2.16(6)
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The XANES spectra of the compounds were initially analyzed to probe the oxidation
state of the absorbing atom. The positions of the Tc K-edge were determined using the
first derivative method, and compared to the one of Tc reference samples (Table 4.4

Normalized absorption [A. U.]

and Figure 4.2).

1.5
1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
21000

0.75
0.65
0.75

Exp. data (a)
Exp. data (b)
(a)
Exp.
KTcOdata
4 (c)
Exp.
data
(b)
Sample C(d)
Exp. dataB(a)
(c)
Sample
Exp. dataA(b)
Sample
(d)
Exp.
TcS2data (a)
(c)
Exp. data (b)
(d)
Exp. data
(c)
21150
Exp. data (d)

Fit (a)
Fit (b)
(a)
Fit (c)
Fit (d)
(b)
Fit (a)
(c)
Fit (b)
(d)
Fit (a)
(c)
Fit (b)
(d)
Fit (c)
Fit (d)

FT magnitude
FT magnitude
FT magnitude
FT magnitude

0.55
0.65
0.75
0.45
0.55
0.65
0.75
0.35
0.45
0.55
0.65
0.25
0.35
21050
21100
0.45
0.55
0.15
Photon energy [eV]
0.25
0.35
0.45
0.05
0.15 reference (blue), sample A (red),
0.25
Figure 4.2. Normalized Tc K-edge XANES spectra for: TcS
2
0.35
sample B (green) and sample C (purple). The Tc K-edge-0.05
of
KTcO
was4at 21,060.5
0.05 0 4 (in black)
2
6 eV
0.15
0.25
R + Δ4 [Å]
-0.05
2
6
0.05 0
0.15

R + Δ [Å] from solid
-0.05
The XANES spectra and position of the Tc K-edge
of 0the samples
2 obtained
4
6
0.05

8
8

8

R + 4Δ [Å]
-0.05 to
0 the one
2 of the
6
8
state, flowing gas and solution reactions are identical
TcS 2 reference
R + Δ [Å]
sample (i.e, - 10.5 eV vs. KTcO4) which confirm the presence of Tc(IV) atoms in the
samples. The position of the Tc K-edge is lower to the one of TcO2 and could be
attributed to the difference of electronegativity between O and S ligands. A previous
study on Tc compounds revealed a correlation between the partial charge carried by Tc
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and the shift; an increase of positive charge is accompanied by the shift of the K-edge
absorption to higher energy.[146] Using the method previously described,[147] the partial
charge on Tc in TcS2 is estimated to be + 0.29 and + 0.62 in TcO2. This result is consistent
with the shift observed between the two compounds.

Table 4.4. Shift of the Tc K-edge absorption relative to KTcO4 in eV

Compounds

Oxidation state

Tc K-edge shift [eV]

TcO4-

VII

0

TcO2 [121]

IV

- 6.95

TcS2 [123] this work

IV

- 10.5

Tc2S7 [70]

IV

- 6.5

Tc2S7 [13]

IV, V/IV

-8

Sample A, B, C, [123] this work

-

- 10.5

The EXAFS spectra were recorded in the k-range of [0-15] Å-1 in transmission mode
for TcS2 and samples A and C and in fluorescence mode for sample B. The EXAFS spectra
were k3-weighed and Fourier transform (FT) performed in the range [2-14] Å-1 for TcS2
and sample A and in the range [2-12] Å-1 for samples B and C.
For the fitting procedure, amplitude and phase shift function were calculated by
FEFF 8.2.[94] Input files were generated by Atoms [95] using the crystallographic structure
of TcS2 [125] (Figure 4.3, Figure 4.4). Adjustments of the k3-weighed EXAFS spectra were
performed under the constraint of S02 = 0.9. More fitting information is given in
Appendix B.
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A

C

B

Figure 4.3. Ball and stick representation of TcS2: view along a-axis (A), along b-axis (B), along
c-axis (C)

Tc1

S

Tc1

S

S
Tc0

Tc1

S

Tc3

Tc2

S

S

Tc3

Figure 4.4. Ball stick representation of TcS2 structure.[125] Color of atoms: Tc in grey and S in
yellow. Tc0 represents the absorbing atom

For the TcS2 reference sample, the numbers of atoms were fixed at those of the
crystal structure.[125] The ΔE0 was constrained to be the same value for each wave and
all other parameters were allowed to vary. The structural parameters (Table 4.5, Figure
4.5) found by EXAFS show the presence of Tc atoms at 2.80(3), 3.54(4) and 3.77(4) Å and
S atoms at 2.38(2) Å; those distances are in good agreement with those found by XRD
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(italic values in Table 4.5). Calculations to obtain the incertitude on the σ2 are presented
in Appendix B.

Table 4.5. Structural parameters found by EXAFS for TcS2, samples A, B and C

Compound Scattering CN R

Sample A

Sample B

Sample C

EXAFS, σ2 [Å2]

XRD [125]

path
TcS2

[Å]

ΔE0

Reduced Residual

[eV] chi2

Tc-S
Tc-Tc
Tc-Tc
Tc-Tc

6
3
1
2

2.38(2), 2.39
2.80(3), 2.80-85
3.54(4), 3.56
3.77(4), 3.75

0.0068(22)
0.0059(21)
0.0032(23) 6.21
0.0059(31)

Tc-S
Tc-Tc
Tc-Tc
Tc-Tc

6
3
1
2

2.38(2)
2.80(3)
3.53(4)
3.75(4)

0.0066(22)
0.0059(22)
0.0036(27) 5.58
0.0076(34)

Tc-S
Tc-Tc

6
2

2.38(2)
2.78(3)

Tc-S
Tc-Tc

6
2

2.35(2)
2.75(3)

[%]

12.37

4.22

47.22

3.43

0.0064(14)
0.0059(25) 0.79

63.24

4.274

0.0087(13)
0.0065(26) 5.28

76.21

4.39

Table 4.6. Results for the adjustments 1 and 2 for the scattering path Tc-Tc for samples B and C
at fixed Tc-S scattering CN = 6 and S02 = 0.9

Compound

Scattering CN

R [Å]

σ2 [Å2]

path

ΔE0

Reduced

Residual

[eV]

chi2

[%]

Sample B 1)
Sample B 2)

Tc-Tc
Tc-Tc

3
2

2.79
2.79

0.0086
0.0059

0.96
0.79

72.05
63.24

4.79
4.27

Sample C 1)
Sample C 2)

Tc-Tc
Tc-Tc

3
2

2.75
2.75

0.0087
0.0065

5.56
5.28

118.97
76.21

4.87
4.39
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Wavenumber: k [Å]
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2
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Figure 4.5. Fitted k3-EXAFS spectra (top) and Fourier transform ofRk+3-EXAFS
Δ [Å] spectra (bottom)
for TcS2 (blue) and sample A (red), B (green), C (purple). Fits are in black

The Fourier Transform of the EXAFS spectra of the sample A compares well to the
one of TcS2. The adjustment of its EXAFS spectra was performed using the same
procedure as the one used for TcS2. The results (Table 4.5, Figure 4.5) show the
presence of Tc atoms at 2.80(3), 3.53(4) and 3.75(4) Å and S atoms at 2.38(2) Å and are
consistent with the presence of TcS2.
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The Fourier transform of the EXAFS spectra (Figure 4.5) of the samples B and C are
identical, these Fourier transforms do not feature peaks around R = 3.5 Å. This
observation is consistent with the absence of Tc atoms at these distances and may be
indicative of poor crystallinity. Amorphous samples do not exhibit long range ordering in
their structure resulting in the absence and/or weak signal on Fourier transform above
the second coordination shell around the absorbing atom in the XAFS spectrum.
Different adjustments of the EXAFS spectra of samples B and C were performed
considering the Tc0-S and Tc0-Tc1 scattering (Table 4.6). The best fits were obtained
based the presence of 6 S atoms and 2 Tc1 atoms (Table 4.5) around the absorbing
atom. These results are consistent with the presence of Tc 3S6 triangular motif which
constitutes TcS2; the Tc-S and Tc-Tc distances in the Tc3S6 motif compare well with the
one in TcS2 (i.e., Tc0-S = 2.38(2) and Tc0-Tc1 = 2.79(3) Å in sample B and Tc0-S = 2.35(2)
and Tc0-Tc1 = 2.75(3) Å in sample C).

The EXAFS were performed on the S K-edge on sample A. The pre-edge region
between 2471 eV and 2473 eV indicated the amount of mixing of metal d-orbitals with
the S 3p-orbitals to be important. To model the pre-edge and edge regions similar
technique was used as for Tc2S7 (see section 3.3.1). The curve-fitting analysis revealed
that the pre-edge intensities observed for TcS2 was composed of three pseudo-Voigt
functions (Figure 4.6). Experimental intensities were derived from the area under
pseudo-Voigt functions used to generate the curve fit, and have an estimated error of
approximately 5% (Table 4.7). The total intensities observed in the pre-edge region of
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the S K-edge XAS spectra of TcS2 was 6.1. The analysis could not determine the exact

Normalized Intensity

quantity of S2-.

2.0
1.5
1.0
0.5
0.0
2470

2475

2480

2485

Energy (eV)
Figure 4.6. S K-edge XAS data for TcS2 (black trace) with curve-fitting analysis. The model for
the data (red trace), pre-edge functions (brown, yellow, and green traces), edge step (dark
blue trace), and post-edge functions (light and pink traces) are provided

Table 4.7. Comparison of experimental S K-edge pre-edge peak energies and normalized
intensities for TcS2

Compound

Energy [eV]

Intensity [Int]

TcS2
Sample A

2470.7
2471.2
2472.7

0.99
3.29
1.84
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4.4

Comparison between Tc2S7 and TcS2
The species Tc2S7 and TcS2 are the only binary known compounds. Their syntheses

are relatively simple. The produced black-to-brown powders did not dissolve easily in
acids, bases or organics. Experimentally, Tc2S7 was amorphous and the TcS2 solids
obtained were not 100% crystalline. Only EXAFS spectroscopy enabled to compare those
two technetium sulfides.
The Tc K-edge EXAFS spectra of three different products were superposed and
compared (Figure 4.7): Tc2S7, TcS2 and amorphous TcS2. The compound Tc2S7 was the
precipitate obtained from the reaction between KTcO4 in 3 M H2SO4 and H2S(g) at room
temperature. Thermal decomposition of Tc2S7 at 900 °C produced TcS2. The amorphous
TcS2, sample C, was the precipitate from the reaction between K 2TcCl6 in 0.1 M H2SO4
and H2S(g) at room temperature. A difference in the Fourier Transform of k3-EXAFS
spectra for the Tc-S peak was observed. The intensity of the peak around 2.37(2) Å
changes; it has been discussed that the crystallinity of the sample affects the shape of
the Fourier transform spectrum. When an amorphous sample is analyzed, less repetitive
motifs are present, the intensity of the peaks are smaller and peaks after 3 Å are not
well defined. Amorphous Tc2S7 has the highest intensity indicating that the powder
contains more sulfur surrounding technetium than the amorphous TcS 2. Another striking
difference between Tc2S7 and TcS2 is the Tc-Tc contribution around 2.77(3) Å. The peak
is more pronounced for TcS2 than Tc2S7.
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Figure 4.7. Fourier transform of k3-EXAFS spectra for Tc2S7, TcS2 and TcS2 Sample C

If Tc2S7 is considered to be similar to MoS3, those compounds consist of a chain with
sulfide and disulfide elements in their structure. In contrast, TcS 2 has a layered
formation and contains only sulfide component as shown in Figure 4.8. This difference
of configuration could explain a lower Tc-Tc interaction for Tc2S7 than TcS2.

B

A

C

Figure 4.8. Ball and stick representation of A: MoS3[57], B: Tc2S7 [70] and C: TcS2 [125]. Color legend,
Mo: black, Tc: grey and S: yellow
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Sulfur interactions in Re2S7, Tc2S7 and TcS2 were determined by S K-edge XAS
analyses. Intense features were observed in the pre-edge region between 2471 eV and
2473 eV, indicating that orbital mixing is prevalent in these group 7 sulfide systems. The
compounds Tc2S7 and Re2S7 have similar S K-edge XAS spectra suggesting that those
compounds have similar sulfur composition. Figure 4.9 reveals important differences
between TcS2 and M2S7 (M = Tc, Re). The slight shift of TcS2 curve toward the left
compared to Tc2S7 curve indicates that the oxidation state of the sulfur is different in
those compounds. However the curve-fitting analysis revealed that the pre-edge
intensities observed for all three compounds were nearly equivalent. The total
intensities observed in the pre-edge region of TcS2, Tc2S7 and Re2S7 S K-edge XAS spectra
were 6.1, 6.9 and 7.0 respectively. The similarity in the pre-edge intensities suggests
that the amount of mixing of the metal d-orbitals with the S 3p-orbitals is similar across
this series of compounds. Even if it is not possible to determine the exact composition of
sulfur in the samples, the analyses clearly indicated that Tc2S7 and TcS2 were different
and had different sulfur content and do not contain any elemental sulfur. From Tc Kedge XAFS analyses it has been determined, using the XANES, that Tc2S7 and TcS2 are
reduced Tc species. By comparison with other compounds, their oxidation states are
most likely to be IV. This result correlates with the possible presence of the mixture S(I)/S(-II) for Tc2S7 and S(-II) for TcS2.
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Figure 4.9. Overlay of background-subtracted and normalized S K-edge XAS spectra for TcS2
(green), Tc2S7 (red), Re2S7 (black), and S8 (cyan)

4.5

Conclusion
In summary, technetium disulfide has been prepared in high yield (> 90%) by three

new methods: reaction between technetium metal and sulfur at 450 °C in a sealed tube,
reaction between Tc2(O2CCH3)5 and flowing H2S(g) at 450 °C and reaction between
K2TcCl6 and H2S(g) in sulfuric acid. These new methods allow the preparation of TcS 2 at
lower temperature than the one reported in the literature; thermal treatment of Tc2S7 at
1000 °C.
X-ray diffraction showed the TcS2 products to be amorphous and the samples were
characterized by

99

Tc elemental analysis through LSC and X-ray Absorption Fine

Structure spectroscopy. The XAFS spectra of the samples were compared to a TcS2
sample prepared from the literature method. For the TcS2 samples, the position of the
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Tc K-edge is lower in energy than TcO2 and consistent with the presence of tetravalent
technetium. The structural parameters found by EXAFS spectroscopy are in good
agreement with the ones found by XRD in TcS2. All of those reactions from different
oxidation state technetium compounds lead to the same product TcS2, the most
thermodynamically stable technetium sulfide compound. Only differences in crystallinity
were observed and their EXAFS analysis reflected that feature.

Literature listed only two binary technetium sulfide compounds, Tc2S7 and TcS2. The
study indicates that the reaction with H2S(g) in various concentration of sulfuric acid, the
precipitate was always determined to be Tc2S7. When different oxidation states
compounds were reacted with sulfur agents (i.e., sulfur and H2S(g)) only TcS2 powders
were observed. It was discussed that TcS2 is the more thermodynamically stable sulfide
compound for technetium

[8]

. In order to produce any other binary sulfide technetium

compound it seems that it is necessary to tightly control the reaction. An organic sulfur
reagent that offers metathetic reactions between oxygen or chlorine with sulfur atoms
seems to be a good candidate to produce new binary/ternary technetium sulfide
compounds. Efforts in this direction are discussed in Chapter 5.
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5

Chapter 5: Reactions between Tc(VII), Tc(VI), Tc(V) and Tc(IV) with
bis(trimethylsilyl) sulfide

5.1

Introduction
Chapters 3 and 4 showed that reactions with hydrogen sulfide lead to Tc2S7 or TcS2

depending on the nature of the starting compound. In order to observe any
intermediate compounds showing the successive exchange of atoms, another sulfur
transfer reagent was required. Bis(trimethylsilyl) sulfide, (Me3Si)2S, a covalent sulfide
source that allows a non-ionic metathetic reactions without reduction, was used
previously for low-temperature synthesis of various transition metal sulfides in organic
media. The reaction of (Me3Si)2S with transition metal halides at room temperature
resulted in rapid synthesis of transition metal sulfides.[44] This method allowed control of
the reaction conditions and can be used with different compounds at various oxidation
states. When those compounds reacted the silicon-sulfur bond broke while a siliconhalide bond formed, and the sulfur bonded to the metal atom.[148] It also had been
demonstrated that reacting equimolar quantities of TiCl4 and (Me3Si)2S primarily
produced TiSCl2 and some precipitate of TiS2.[149] The reaction of tetraethylammonium
perrhenate (i.e., (Et4N)ReO4) with one equivalent of (Me3Si)2S in acetonitrile results
ultimately in the precipitation of (Et4N)ReO3S.[38] The behavior for technetium can be
expected to be similar to Re and produce some product showing the successive oxygen
or chloride exchange with sulfur when ratios of reagents are controlled.
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This chapter examines a different type of sulfur reagent in organic medium.
Bis(trimethylsilyl) sulfide [(Me3Si)2S] in acetonitrile was reacted with technetium and
rhenium compounds of various oxidation states; ReO4-, TcO4-, TcOCl4-, TcNCl4-, TcCl4. The
reactions at specific ratios were performed to observe potential successive exchange of
oxygen or chlorine with sulfur. Kinetic reactions at low concentration were followed by
UV-Visible spectroscopy and ESI mass spectrometry. Larger scale reactions produced
solids that were analyzed by XAFS and EDX spectroscopy. The results indicate that
exchange between O or Cl with S was possible using this new sulfur reagent.
First ReO4- was used to follow a published procedure to prepare ReO3S-. This
reaction was then transposed to technetium. Solution studies were performed to
evaluate the reaction between TcO4- and (Me3Si)2S in acetonitrile at different ratios. A
new compound, TcO3S-, was detected. Larger scale synthesis afforded a solid containing
technetium, sulfur and oxygen. The XANES analysis was consistent with the presence of
technetium atom in a tetravalent state. The reaction between (Me3Si)2S and TcXCl4 (X =
N, O) produced multiple species. It appeared that (Me3Si)2S preferentially reacted with
chlorine ligands leaving the Tc≡N or Tc=O bonds intact. Finally, the reaction of TcCl4 with
(Me3Si)2S in acetonitrile produced a solid containing acetonitrile and oxygen atoms.

5.2

Experimental
All solvents must have a minimum content of water, thus solvents dried over

molecular sieves were used. Preparation of (Bu4N)ReO4 was performed in the same way
as for technetium from (NH4)ReO4 with simple anionic exchange using (Bu4N)Br.
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Reaction of (Bu4N)ReO4 with (Me3Si)2S (Figure 5.1). The reaction was performed
using Schlenk techniques under Argon; to a 0.474 mmol solution of (Bu 4N)ReO4 (233.8
mg in 9 mL of acetonitrile) was added drop-wise a 0.474 mmol solution of (Me3Si)2S (100
µL of (Me3Si)2S in 1 ml of acetonitrile). The reaction mixture was stirred for two days,
over which the color changed from colorless, to yellow, orange and finally to dark
orange. The solution was concentrated under vacuum to around 2 mL, precipitated by
10 mL of diethyl ether, and the solid was dried overnight. The reaction afforded 160 mg
of beige-yellow solid.

Figure 5.1. Pictures of the reaction between (Bu4N)ReO4 and (Me3Si)2S in MeCN

Sample preparation for reaction solution kinetic studies of (Bu4N)TcO4 with
(Me3Si)2S. A 1.23×10-4 mol/L solution of (Bu4N)TcO4 and (Me3Si)2S at 0.1896 mol/L was
prepared in acetonitrile. A molar ratio of Tc:S = 1:200 was used for the kinetic
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experiments. The evolution of the solution was followed simultaneously by UV-Visible
spectroscopy and ESI/MS. For the UV-Visible study, 2.5 mL of the (Bu4N)TcO4 solution
were mixed with 0.324 mL of the (Me3Si)2S solution in a 20 mL glass vial. The solution
was stirred and 1.5 mL was taken and put in a 10 mm quartz cuvette for analysis
between 190 and 800 nm with an acetonitrile/air baseline correction. For the ESI/MS
study, 7.5 mL of the (Bu4N)TcO4 solution were mixed with 0.973 mL of the (Me3Si)2S
solution in a vial. The solution was shaken and 10 µL of solution was taken for each
analysis. The ESI/MS analysis was performed between m/z = 100 and 500 with a
negative polarity to determine the mass of the unknown product. The resolution of the
device allows differentiation between masses having only a m/z = 1 variation.
To study the effect of technetium concentration on the reaction over time, a
solution of 10 mL of (Bu4N)TcO4 at 1.23×10-4 mol/L and another at 6.15×10-4 mol/L were
prepared and 1.298 mL of (Me3Si)2S solution (0.1896 mol/L) was added. Other ratios are
presented in Appendix C.

Reaction of (Bu4N)TcO4 with (Me3Si)2S (Figure 5.2). The reaction was performed
using Schlenk techniques under Argon; to a 1.03 mmol solution of (Bu 4N)TcO4 (417 mg
in 5 mL of acetonitrile) was added drop-wise 1 mL of (Me3Si)2S solution (4.74 mmol)
while the solution was magnetically stirred. A change of color from orange to brown and
black was observed upon addition of (Me3Si)2S. Fifteen minutes after the addition, the
solution was evaporated under vacuum and a brown-oily solid was obtained. The solid
was washed. The first wash was performed with hexane to remove any (Me 3Si)2O. The
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black solid was washed several times with methanol until the supernate was colorless.
The solid was washed with diethyl ether and dried under air over night. Finally, the solid
was washed three times with CS2 to remove any free sulfur. The reaction afforded 300
mg of black shiny solid, which will be referred to as solid 1.

t=0

After addition of (Me3Si)2S

Oily-solid

Evaporation under vacuum

Solid

Figure 5.2. Pictures of the reaction between (Bu4N)TcO4 and (Me3Si)2S in MeCN

Sample preparation for solution reaction kinetic studies of (Bu4N)TcNCl4 with
(Me3Si)2S. A 8.23×10-5 mol/L solution of (Bu4N)TcNCl4 and (Me3Si)2S at 0.1896 mol/L was
prepared in acetonitrile. A molar ratio of Tc:S = 1: 20 was used for the kinetic
experiments. The evolution of the solutions was followed simultaneously by UV-Visible
spectroscopy and ESI mass spectrometry. For the study, 7.5 mL of the (Bu4N)TcNCl4
solution (0.617x10-3 mmol) were mixed with 65.1 μL of the (Me3Si)2S solution in a 20 mL
glass vial. The solution was stirred and about 1 mL was taken and put in a 10 mm quartz
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cuvette for analysis between 190 and 800 nm with an acetonitrile/air baseline
correction. The remaining solution was analyzed by ESI/MS over time by injecting 10 µL
of solution every 10 minutes. ESI/MS analysis was performed between m/z = 100 and
500 with a negative polarity to determine the mass of the unknown product. Spectra in
positive polarity contained a major peak at m/z = 242 which corresponds to the mass of
tetrabutyl-ammonium anion (TBA = C16H36N). Other peaks at m/z = 105, 122 and 147
were also observed and were attributed to the solvent, the counter anion or impurities
present. Other ratios are presented in Appendix C.

Reaction of (Bu4N)TcNCl4 with (Me3Si)2S (Figure 5.3). The reaction was performed
using Schlenk techniques under Argon; to a 1.03 mmol solution of (Bu4N)TcNCl4 (512 mg
in 5 mL of acetonitrile) a 1 mL solution of (Me3Si)2S solution (4.74 mmol) was added
drop-wise while stirring. A change of color from orange to brown and black was
observed upon addition of (Me3Si)2S. An hour after the addition, the solution was
evaporated under vacuum and a brown-oily solution was obtained. The solution was
transferred to a centrifuge tube. The flask was rinsed with MeCN to recover all the solid.
After centrifugation, the supernate was transferred in a different centrifuge tube for
further treatments. The solid was washed 3 times with MeOH and Et 2O, dried overnight; resulting in about 11 mg of black powder. In the centrifuge tube containing the
supernate a large excess of Et2O was added. The tube was shaken and a black layer was
deposited on the wall. The orange supernate was removed, and methanol was added to
the tube. Some black particles were observed. The powder was washed 3 times with
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MeOH and Et2O. The solid was dried overnight and around 210 mg of black powder was
recovered, referred to as solid 2.

t=0

Solution

After addition of (Me3Si)2S

Solid

Supernate
+ Et2O

Evaporation under vacuum

Obtained solid Obtained solid
+ MeOH
+ Et2O

Figure 5.3. Pictures of the reaction between (Bu4N)TcNCl4 and (Me3Si)2S in MeCN

Sample preparation for reaction solution kinetic studies of (Bu4N)TcOCl4 with
(Me3Si)2S. A 8.95×10-5 mol/L solution of (Bu4N)TcOCl4 and (Me3Si)2S at 0.1896 mol/L was
prepared in acetonitrile. A molar ratios of Tc:S = 1: 10 was used for the kinetic
experiments. The evolution of the solutions was followed simultaneously by UV-Visible
spectroscopy and ESI mass spectrometry. For the study, 7.5 mL of the (Bu4N)TcOCl4
solution (0.671x10-3 mmol) were mixed with 35.4 μL of the (Me3Si)2S solution in a 20 mL
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glass vial. The solution was stirred and 1 mL was taken and put in a quartz cuvette (10
mm) for analysis between 190 and 800 nm with an acetonitrile/air baseline correction.
The remaining solution was analyzed by ESI/MS over time by injecting 10 µL of solution
every 10 minutes. The ESI/MS analysis was performed between m/z = 100 and 500 with
a negative polarity to determine the mass of the unknown product. Spectra in positive
polarity contained a major peak at m/z = 242 which corresponds to the mass of
tetrabutyl-ammonium anion. Other peaks at m/z = 105, 122 and 147 were also observed
and were attributed to the solvent, the counter anion or impurities present. Other ratios
are presented in Appendix C.

Reaction of (Bu4N)TcOCl4 with (Me3Si)2S (Figure 5.4). The reaction was performed
using Schlenk techniques under Argon; to a 1.06 mmol solution of (Bu4N)TcOCl4 (528 mg
in 5 mL of acetonitrile) a 1 mL solution of (Me3Si)2S solution (4.74 mmol) was added
drop-wise while the solution was magnetically stirred. A change of color from green to
darker green and brown was observed upon addition of (Me3Si)2S. An hour after the
addition, the solution was oily and thick and evaporation under vacuum was not
possible. Acetonitrile was added to transfer the product to a centrifuge tube. After
centrifugation, the orange supernate was put in a different centrifuge tube for further
treatments. The solid was washed 3 times with MeOH and Et2O. The solid was dried
overnight and a sticky black powder of 1.11 g was recovered, referred to as solid 3.
This solid appeared slightly oily, thus 35 mg of powder was put in 15 mL of MeCN
for a month. After centrifugation 14 mg of black fine powder was recovered. The solid,
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referred as sample 3’, was analyzed by 99Tc elemental with LSC and by IR spectroscopy.
The MeCN solution was analyzed by UV-Visible spectroscopy and LSC. In the centrifuge
tube containing the supernate a large excess of Et 2O was added to the tube. The tube
was shaken and no precipitation was observed.

t=0

After addition of (Me3Si)2S

Transfer after dilution Supernate, solid, supernate
+ Et2O

Product after 1h

Solid

Figure 5.4. Pictures of the reaction between (Bu4N)TcOCl4 and (Me3Si)2S in MeCN

Reaction of TcCl4 with (Me3Si)2S (Figure 5.5). The reaction was performed using
Schlenk techniques under Argon; 140.6 mg of TcCl4 was dissolved into 25 mL of dry
acetonitrile over two days. The solution turned from orange to yellow-green. To the
0.58 mmol solution of TcCl4 a 0.7 mL solution of (Me3Si)2S (3.32 mmol) was added dropwise while the solution was magnetically stirred. A change of color from yellow-green to
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brown and black was observed upon addition of (Me 3Si)2S. Around 90 minutes after the
addition, the solution was evaporated under vacuum and a 5 mL brown-oily solution
was obtained. To recover the solid, different washes were performed. The first wash
was performed with acetonitrile until the supernate was colorless. The solid was washed
with diethyl ether and dried under air over night. The reaction afforded 74.7 mg of black
shiny solid. The solid was further washed with MeCN, it seemed that the solid contained
two species. Around 25 mg of solid was placed for 5 days in 10 mL MeCN, the solid was
then washed once with MeCN and three times with Et2O. The solid was dried overnight
in the oven, washed with CS2 and dried for two hours in an oven. At the end of this
treatment 39% of the original solid remained. In the following, this product will be
referred to as solid 4.

t=0

Solution

t = 48 h

After addition of (Me3Si)2S

Evaporation under vacuum

Supernate

Precipitate

Figure 5.5. Pictures of the reaction between TcCl4 and (Me3Si)2S in MeCN
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Table 5.1 summarizes the solids synthesized and characterized in this chapter.

Table 5.1. Name of product from the reaction with (Me3Si)2S associated with the starting
compound used

Starting compounds

Name of the product

(Bu4N)TcO4

solid 1

(Bu4N)TcNCl4

solid 2

(Bu4N)TcOCl4

solid 3 and solid 3’

TcCl4

solid 4

Note: solid 3’ corresponds to solid 3 after an extra wash with acetonitrile

5.3

Results and discussion

5.3.1 Reaction with MO4- (M = Re, Tc)
5.3.1.1 Rhenium
To better ascertain the validity and reliability of the procedure used in this study, the
known ReO3S- was synthesized from (Bu4N)ReO4 and (Me3Si)2S [38] and characterized by
UV-Visible spectroscopy and electrospray ionization mass spectrometry. The UV-Visible
spectra were recorded after dilution of the solid in acetonitrile (Figure 5.6). According to
literature

[150]

, ReO3S- solutions are yellow with absorption peaks at 350, 298 and 215

nm, and perrhenate solutions are colorless with peaks at 204 nm and 238 nm. The UVVisible results indicated that the solid obtained after the reaction is a ReO 4- and ReO3Smixture.
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Figure 5.6. UV-Visible spectrum of (Bu4N)ReO4 reaction with (Me3Si)2S in MeCN

The ESI/MS measurements were performed on the solid dissolved in acetonitrile
(Figure 5.7). The molecular masses expected were 250 for ReO4- and 266 for ReO3S-. The
mass spectrum showed two peaks around m/z = 250 and 266 due to the isotopic
abundance of rhenium, i.e., for
186.955751 (62.60 %)

[151]

185

Re, M = 184.952959 (37.40 %) and for

187

Re, M =

. The successful synthesis and UV-Visible and ESI/MS

characterizations of ReO3S- proved that it was possible to exchange one oxygen to one
sulfur with a molar ratio of 1:1 (Re:S). The synthetic and characterization methods
presented for rhenium were transposed to technetium.
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Figure 5.7. ESI/MS spectrum of (Bu4N)ReO4 reaction with (Me3Si)2S in MeCN

5.3.1.2 Studies of technetium in solution and DFT
The reaction between (Bu4N)TcO4 and (Me3Si)2S with a ratio Tc:S = 1:200 in
acetonitrile was studied at room temperature (see Appendix C for other various ratio
studied). The reaction was characterized simultaneously by UV-Visible spectroscopy and
electrospray ionization mass spectrometry over a period of 40 minutes.
In the UV-Visible spectra, the TcO4- bands

[152]

at 244 and 288 nm could be clearly

observed, as well as other spectral signatures ascribed to the reaction of technetium
with sulfur (Figure 5.8). A peak appeared at 360 nm and a small shoulder could be
detected in the vicinity of 440 nm. Over time, the peak at 360 nm grew and reached its
maximum after 33 minutes (Figure 5.9). After about 50 minutes, the profile of the
absorption gradually became smoother leading to a large band with no information
whether the unknown product was still present in solution (Figure 5.10).
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Figure 5.8. Evolution of the UV-Visible spectrum during the reaction of (Bu4N)TcO4 with
(Me3Si)2S in MeCN over 40 minutes of reaction
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Figure 5.9. Time evolution of the height of the peak at 360 nm
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Figure 5.10. Evolution of the UV-Visible spectrum during the reaction of (Bu4N)TcO4 with
(Me3Si)2S in MeCN over 4 hours of reaction

The range of ESI/MS analysis between m/z = 100 and 300 enabled detection of the
anions: TcO3S-, TcO2S2-, TcOS3-, TcS4-, which could be products of the reaction between
tetrabutyl-ammonium pertechnetate and excess bis(trimethylsilyl) sulfide, as described
in Equation 5.1:

TcO4- + x (Me3Si)2S → TcO4-xSx- + x (Me3Si)2O

Equation 5.1

After two minutes, the sample was injected and ESI/MS spectrum revealed two peaks at
m/z = 163 (M; 100 %) and m/z = 165 (M+2; 0.8 % height engendered by the spread of
oxygen masses due to its natural isotopic abundances) and corresponded to the TcO4peak. Other peaks at m/z = 179 and m/z = 181 (M+2) were also present in the spectrum
and did not correspond to any peaks observed during background measurements. No
peak around m/z = 179 was observed, corresponding to (Me3Si)2S (M = 178.44 g/mol).
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During the first 30 minutes of the reaction, the peak at m/z = 163 decreased and the
peak at m/z = 179 increased; this indicated that TcO4- was indeed reacting with the
sulfur reagent, leading to a compound with a mass-to-charge ratio of 179, expected to
be TcO3S- (Figure 5.11). Comparing the kinetic studies using UV-Visible and ESI/MS, the
peak at m/z = 179 in the ESI/MS spectrum correlates with the unknown product
exhibiting an absorption peak at 360 nm in the UV-Visible spectrum.
A mass-to-charge ratio of 179 is consistent with the presence of one technetium,
three oxygen and one sulfur atoms in the compound (i.e. TcO3S- m/z = 179.06). Having
three oxygen and one sulfur atoms, the intensity of the peak M+2 should be around 5%
more significant for TcO3S- than for TcO4- because of the presence of

34

S (4.3 %

abundant). This trend was observed leading to the conclusion that the product observed
at m/z = 179 and 181 was TcO3S-.
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Figure 5.11. Evolution (t = 0 to t = 37 minutes) of the ESI/MS spectrum, negative polarity,
during the reaction of (Bu4N)TcO4 with (Me3Si)2S
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To investigate the eventual formation of TcO2S2-, TcOS3-, and TcS4- complexes, the
influence of (Tc:S) ratio on the TcO3S- formation was investigated. A ratio 1:1 (Tc:S) gave
similar results as described above, i.e., the growth of the peak at m/z = 179 TcO3S- for 40
minutes, and decomposition of product after this time. The formation rate of TcO 3Sseemed to be similar as before but the intensity of the peaks decreased by several
orders of magnitude.
Longer kinetics studies were performed with two different concentrations of
technetium ([Tc] = 1.23×10-4 mol/L and 6.15×10-4 mol/L) while the quantity of sulfur was
kept constant (Tc:S = 1:200 and 1:40). During analyses, changes of color of the solutions
were observed, i.e. a light pink color appeared after 30 minutes of reaction, and then
became darker and evolved to dark orange and, finally, to a brown color. The change of
color was faster for the higher technetium concentration (Figure 5.12).

Figure 5.12. Evolution of the solution as a function of time during the reaction of TcO4- and
(Me3Si)2S, [Tc] = 1.23x10-4 mol/L

Note: the last picture compares the vial [Tc] = 1.23x10-4 mol/L after 5 days (back vial)
and the vial [Tc] = 6.15x10-4 mol/L after one day (front vial).

Higher technetium concentration did not produce larger mass-to-charge ratio
complexes since the peaks observed had exactly the same positions in the mass spectra.
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Mass spectrometry indicated that none of the peaks had a mass-to-charge ratio
corresponding to the TcO2S2-, TcOS3-, TcS4- complexes (Figure 5.13).
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Figure 5.13. Evolution (t = 0 to t = 120 hours) of the ESI/MS spectrum, negative polarity, during
the reaction of (Bu4N)TcO4 ([Tc] = 1.23x10-4 mol/L) with (Me3Si)2S

According to the ESI/MS experiments, it can be inferred that (Me3Si)2S exchanged
one sulfur with one oxygen from TcO4-. After this first exchange, no more sulfur-oxygen
exchanges were observed. The fact that the peaks corresponding to the monomers,
TcO4-xSx- (x = 2-4), are not detected could be explained by their instability or high
reactivity. It is possible that TcO3S- underwent reduction and/or polymerization into a
technetium oxosulfide species. This could be explained by slow kinetic rate for exchange
of oxygen with sulfur

[50]

and tendency of Tc(VII) to reduce. Moreover, those longer

kinetic studies showed that while the peak at m/z = 179 decreased in higher range of
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mass-to-charge ratio other peaks appeared. That would suggest that sulfur-oxygen
exchanges had occurred but the products were unstable and formed various oligomers.
As a result, the peaks observed at m/z = 311, 328, 339-344 and 371-376 could
correspond to technetium polymers as Tc2O5S-, Tc2O4S2- (or Tc2O6S-), Tc2O3S3- (or
Tc2O5S2- or Tc2O7S-), Tc2S5O- (or Tc2O3S4- or Tc2O5S3-) respectively. While TcO3S- appeared
to be sufficiently stable to be detected, any further sulfur-oxygen exchanges resulted in
species that reacted with each other leading to polymerization, preventing the
formation of TcS4- in solution. This behavior is different from rhenium, where ReS4- was
observed. The difference in redox potential values for technetium and rhenium (Table
1.3) suggests technetium to be more oxidizing than rhenium against sulfur. This
difference of redox potential could suggest an internal redox preventing further
substitution for technetium leading to polymerization. It has been shown that in metalsulfur chemistry, catenation and interconversion of (poly)sulfide ligands at metal
centers are often related.[153]
A search for candidate molecular complexes responsible for the spectral signatures
observed in the UV-Visible spectra was carried out using density functional theory (DFT).
The equilibrium geometry of the TcO3S- complex is depicted in Figure 5.14 and Appendix
D. This complex possesses the C3v symmetry with three short Tc=O bonds of 1.75 Å
forming the TcO3+ core and one Tc-S bond of 2.21 Å. Similar geometry optimization
calculations for TcO4- (Td symmetry) resulted in bond lengths of 1.75 and 1.74 Å,
respectively. Oscillator strengths and excitation energies to the lowest-lying virtual
orbitals of the TcO3S- and TcO4- complexes were computed using TD-DFT in acetonitrile.
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Figure 5.14. Equilibrium structure of the TcO3S- complex (C3v symmetry) calculated with DFT at
the B3LYP/SDD level of theory. Color legend: Tc, cyan; O, red; S, yellow

Theoretical results are reported in Figure 5.15 along with the experimental spectrum
at t = 32 min. The major bands of TcO3S- are computed to be at 459, 365, 273, 253, 250,
214, 211, 204, 186, 183 and 181 nm, in close agreement with experimental features
observed.

The

overall

good

agreement

between

the

calculated

oscillator

strengths/excitation energies of TcO3S-, TcO4- and the experimental measured spectrum
confirmed that TcO3S- was formed after reaction of TcO4- with (Me3Si)2S in acetonitrile at
room temperature.

Figure 5.15. Comparison between computed and experimental data for UV-Visible
spectroscopy
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5.3.1.3 Solid state analysis
The behavior of TcO3S- was studied for a larger technetium concentration (see
section 5.2, sample 1, Table 5.1) and characterized by EDX and XANES spectroscopies.
The EDX analysis on solid 1 showed the compound to contain: Tc (28.9(8)%), S
(52.8(4)%) and O (18.4(2)%) atoms (Figure 5.16). Those atomic percentages correspond
to the average of the composition of six particles in the solid. As shown by the mass
spectrometry analysis, the reaction between pertechnetate and bis(trimethyl)silyl
sulfide can lead to various oxosulfide technetium polymers. The EDX analysis did not
give any exact formula for the product but indicated that no silicon was present in the
compound. This results confirmed that bis(trimethylsilyl) sulfide acted more as a sulfur
exchange reagent than a [SSi(CH3)3] ligand donor.[39]

S(K)

1600
1400
1200

Tc(L)

Counts

1000

800

C(K)

600
400

O(K)

Tc(K)

Cu(K)

200
0
0

5000

10000

15000

20000

25000

30000

Energy [eV]

Figure 5.16. EDX spectrum of one particle of sample 1

Note: C and Cu peaks come from the sample holder.
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Two hypotheses can be made concerning the presence of oxygen in the EDX spectra.
One is the presence of remaining/unreacted (Bu4N)TcO4, the other is the solid formed is
an oxo-sulfido complex or a mixture of TcO2-TcSx. To ascertain that solid 1 did not
contain any (Bu4N)TcO4, around 40 mg of compound was washed several times with
acetonitrile and dried under air over night. Approximately 20 % (by weight) of the solid
was removed after these steps. The supernate, obtained after the wash, was analyzed
by UV-Visible spectroscopy and mass spectrometry indicating the absence of TcO4- or
Bu4N+. To remove potential TcO2 that may have formed during the reaction, the solid
was washed with 12 M hydrochloric acid. The solution became yellow and some solid
was still insoluble in hydrochloric acid after a few days. The solution was analyzed by
UV-Visible spectroscopy and the characteristic peaks of TcCl62- were observed. After 5
days, the acid was removed and the solid was washed several times with acetonitrile,
toluene and hexane. The EDX data obtained was similar to those before treatment. EDX
spectroscopy indicated that the solid produced after reaction between (Bu 4N)TcO4 and
(Me3Si)2S to be an oxosulfide.

The XANES spectrum of solid 1 (Figure 5.17) was recorded and compared to
pertechnetate. No pre-edge peak at 21044 eV was observed indicating that the sample
did not contain any pertechnetate or tetrahedral geometry technetium species. The
position of the absorption edge of solid 1 (i.e., 21051.4 eV) was compared to the one of
the other Tc(IV) compounds (i.e., TcO2 and TcCl62-) and was consistent with the presence
of tetravalent technetium (Table 5.2).
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Table 5.2. Shift of the Tc K-edge absorption relative to KTcO4 in eV

Compounds

Oxidation state

Tc K-edge shift [eV]

TcO4-

VII

0

TcO2 [121]

IV

- 6.95

TcCl62- [122]

IV

-9

Tc metal [121]

0

- 19.85

Solid 1 [124] this work

-

- 10.6

1.21.2

Normalized A [A. U.]
Normalized A [A. U.]

1 1
0.80.8

0.60.6
Precipitate
Precipitate
KTcO4
KTcO4

0.40.4
0.20.2
0 0
21000
21000

21050
21100
21050
21100
Photon
energy
[eV]
Photon
energy
[eV]

21150
21150

Figure 5.17. Normalized Tc K-edge spectrum XANES for solid 1

5.3.2 Reaction with (Bu4N)TcNCl4
5.3.2.1 Studies in solution
The reaction between (Bu4N)TcNCl4 and (Me3Si)2S with a ratio Tc:S = 1:20 in
acetonitrile was studied at room temperature. The reaction was characterized
simultaneously by UV-Visible spectroscopy and ESI mass spectrometry every 5 minutes
for 3 hours. The UV-Visible spectroscopy studies for the other ratios are presented in
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Appendix C. In the UV-Visible spectrum at t = 0 (red curve in Figure 5.18), the starting
compound bands were observed at 463, 404, 297 nm [76] 232 nm and 201 nm. When the
(Me3Si)2S solution was added to the technetium solution, the spectrum changed
immediately (Figure 5.18). The peaks at 463, 404 and 297 nm decreased and ultimately
disappeared. The peaks at 232 nm increased until the spectrum described an uprising
curve. The peak at 201 nm changed drastically, immediately having a dominant
absorption even when the solution was diluted.
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Figure 5.18. Reaction between (Bu4N)TcNCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:20

The ESI/MS analysis range between m/z = 100 and 500 enabled detection of anions:
TcNCl4-, TcNSCl2-, TcNS2-, which could be products of the reaction between (Bu4N)TcNCl4
and excess (Me3Si)2S, as described in Equation 5.2:
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TcNCl4- + x (Me3Si)2S → TcNCl4-2xSx- + 2x (Me3Si)2Cl

Equation 5.2

A spectrum was taken on the starting compound for comparison (Figure 5.19). In the
negative mode, several peaks are found around m/z = 253. The spread of the peak is
due to various natural isotopic abundances of Cl and N. In negative mode, after five
minutes of reaction, the sample was injected and ESI/MS spectrum revealed peaks
similar to the starting compound but having lower intensity. After 15 minutes of
reaction, new peaks appeared around m/z = 177 and m/z = 215. The peak at m/z = 177
has a steady slow growth over time while the peak around m/z = 215 was only stable for
90 minutes. The mass-to-charge ratios of 177 and 215 are consistent with possible
product TcNSCl2- and TcNS2- respectively according to the Equation 5.2.
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Figure 5.19. Evolution (t = 0 min to t = 2h35) of the ESI/MS spectrum, negative polarity, during
the reaction of (Bu4N)TcNCl4 with (Me3Si)2S
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The UV-Visible spectroscopy and the mass spectrometry data have similar behaviors.
In the UV-Visible spectra, the peaks at 463, 404 and 297 nm decreased and ultimately
disappeared. The mass spectrometry showed that the peak at m/z = 253 followed the
same trend. This indicates (Bu4N)TcNCl4 reacted with (Me3Si)2S. While in the UV-Visible
spectra upward curves were identified as sulfur compounds, mass spectrometry
indicated peaks around m/z = 215 and m/z = 177 consistent with the formation of
TcNSCl2- and TcNS2-. As a result, the starting compound reacting with (Me3Si)2S seemed
to preserve its Tc≡N bond unit and to exchange its chlorine to sulfur to form TcNSCl2and TcNS2-.

5.3.2.2 Solid state analysis
Large scale syntheses produced a black powder (solid 2, Table 5.1) which was
characterized by scintillation counting, EDX and IR spectroscopy. After dissolving around
5 mg of solid 2 in 5 mL of HClO4 for two weeks, the solution was diluted with DI H2O by a
factor 1:1000 and a 100 μL aliquot was analyzed by LSC. The activity of

99

Tc present in

the solid corresponded to (20+1) wt% of the sample.
To evaluate the composition of solid 2, SEM-EDX analysis was performed on the
sample. On a SEM sample holder, around 3 mg of solid 2 were put on carbon tape and
then carbon coated (Figure 5.20). No exact composition was determined but the EDX
analysis on solid 2 showed the compound to contain mainly Tc and S with some Cl, O
and N. However the nitrogen content is unclear due to overlapping of the carbon and
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nitrogen peaks. The EDX analysis clearly indicated the presence of sulfur with a small
presence of chlorine (Figure 5.22).

Figure 5.20. Solid 2 prepared for SEM-EDX analysis

An EDX mapping analysis was performed on an area and elemental weight percent
were determined on the area shown on Figure 5.21: Tc (21.9%), S (58.7%) and O
(19.4%). The presence of oxygen could be due to small oxidation of the compound. No
nitrogen was measured by EDX due to overlapping of the peak with carbon (sample
coating). The weight percent of chlorine was not measured due to overlapping with the
technetium and sulfur peaks. Previous studies showed that the reaction with
bis(trimethyl)silyl sulfide can lead to various binary or ternary sulfide polymers. The
results are used as qualitative characterization rather than quantitative thus no exact
formula was proposed for the product. The absence of silicon peak in the EDX spectrum
and the presence of a mixture of chlorine and sulfur confirmed that bis(trimethylsilyl)
sulfide acted as a sulfur exchange reagent and not as a [SSi(CH3)3] ligand donor.[39]
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40 μm

Figure 5.21. Area for EDX mapping. Magnification x1000
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Figure 5.22. EDX analysis on sample 2 magnification x35

To confirm the presence of nitrogen, the starting compound (Bu 4N)TcNCl4 and solid
2 were analyzed by IR spectroscopy (Figure 5.23). It is known that the peak around 1065
cm-1 correspond to Tc≡N [154], while peaks around 2992, 2995 and 2894 cm-1 correspond
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to CH3-CH2 and peaks around 1495, 1444 and 1396 cm-1 to ammonium group [155]. The IR
spectrum of solid 2 still presented some characteristics of tetrabutyl-ammonium cation
and Tc≡N but with a broader peak. It seemed that (Me3Si)2S preferentially reacted with
chlorine ligands leaving the Tc≡N bond intact. The presence of tetrabutyl-ammonium
cation in the IR spectrum could indicate that solid 2 is mostly anionic and did not form a
molecular specie or some tetrabutyl-ammonium salt was not washed away after
reaction.
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Figure 5.23. IR spectra of (Bu4N)TcNCl4 (black) and solid 2 (brown)

5.3.3 Reaction with (Bu4N)TcOCl4
5.3.3.1 Studies in solution
The reaction between (Bu4N)TcOCl4 and (Me3Si)2S with a ratio Tc:S = 1:10 in
acetonitrile was studied at room temperature. The reaction was characterized
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simultaneously by UV-Visible spectroscopy and ESI mass spectrometry every 5 minutes
for 3 hours. The UV-Visible spectroscopy studies of the other ratios are presented in
Appendix C. In the UV-Visible spectra, the starting compound has bands at 390 nm, 302
nm, 220 nm and 201 nm.[156] Immediately after addition of the (Me3Si)2S solution the
spectral signatures changed (Figure 5.24). The characteristics TcOCl4- peaks disappeared
gradually. Changes were observed indicating the formation of new species during the
reaction with (Me3Si)2S. Small peaks appeared at 395 nm and 334 nm, and a small peak
at 240 nm grew over time.
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Figure 5.24. Reaction between (Bu4N)TcOCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:10

The ESI/MS analysis range between m/z = 100 and 500 enabled detection of anion:
TcOCl4-, TcSCl4-, TcS2Cl2-, TcOSCl2-, TcOS2-, TcS3-, which could be products of the reaction
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between (Bu4N)TcOCl4 and excess (Me3Si)2S, knowing that the sulfur reagent can react
with oxygen and chlorine, as described in Equation 5.3:
-

TcOCl4- + x (Me3Si)2S → TcSxCl4[(3-x)/2] + x (Me3Si)2O + (3-x) (Me3Si)2Cl
Equation 5.3
-

TcOCl4- + x (Me3Si)2S → TcOSxCl4-2x + 2x (Me3Si)2Cl
An initial spectrum was taken on the starting compound for comparison (Figure 5.25). In
the negative mode, several peaks are found for TcOCl4- at m/z = 163, 198, 218, 236 and
255. The spread of the peak is due to various natural isotopic abundances of Cl and O. In
negative mode, after five minutes of reaction, the sample was injected and ESI/MS
spectrum revealed peaks similar to the starting compound but in lower intensity. After
10 minutes a new peak appeared around m/z = 179. The peak at m/z = 179 was only
stable for 1 hour. The mass-to-charge ratios of 179 is consistent with TcOS2- a possible
product of the reaction between TcOCl4- and (Me3Si)2S according to the Equation 5.3.

The spectra in the UV-Visible spectroscopy and the mass spectrometry have similar
behaviors. When the peak at m/z = 179 appeared after 10 minutes of reaction, the UVVisible spectra started to have formation of the peaks at 395 nm, 334 nm and 240 nm
while the major peak of the starting compound at 300 nm start to disappear. This
indicates that TcOCl4- reacted with (Me3Si)2S. The peak around m/z = 179 is consistent
with the formation of TcOS2-. The compounds TcNCl4- and TcOCl4- seemed to behave
similarly with (Me3Si)2S. The sulfur appeared to exchange more easily with chlorine than
with nitrogen or oxygen.
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Figure 5.25. Evolution (t = 0 to t = 2h) of the ESI/MS spectrum, negative polarity, during the
reaction of (Bu4N)TcOCl4 with (Me3Si)2S

5.3.3.2 Solid state analysis
Large scale syntheses produced a black powder (solid 3, Table 5.1) which was
characterized by

99

Tc elemental analysis, EDX and IR spectroscopy. After dissolving

around 5 mg of solid 3 in 5 mL of NH4OH for two weeks the solution was diluted with DI
H2O by a factor 1:1000. An aliquot of 100 μL was analyzed by LSC and the activity of 99Tc
present in the solid corresponded to (19+1) wt% of the sample. To assert the purity of
the solid 3, 35 mg of product was put in acetonitrile for a month. After centrifugation
and drying 11.3 mg of black powder was obtained. After dissolution of 11.3 mg of solid
3’ in 10 mL of NH4OH for two weeks, the solution was diluted with DI H2O by a factor
1:1000 and 100 μL aliquot was analyzed by LSC. The 99Tc activity corresponded to (28+2)
wt% of the sample which is different from solid 3 indicating that an extra wash with
acetonitrile was necessary to remove any oily impurity in solid 3.
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Some SEM-EDX analysis was performed on sample 3 as previously (Figure 5.20). The
EDX analysis on solid 3 showed the compound to contain mainly Tc and S along with Cl
and O. The EDX analysis performed on the area shown on Figure 5.26 clearly indicated
the presence of sulfur with a small amount of chlorine and oxygen (Figure 5.27). An EDX
mapping analysis was performed, and weight percent of elements were determined: Tc
(13.5%), S (49.3%), Cl (3.5%) and O (33.7%). The results are used as qualitative
characterization rather than quantitative thus no exact formula was proposed for the
product. The absence of silicon peak in the EDX spectrum and the presence of a mixture
of oxygen, chlorine and sulfur confirmed that bis(trimethylsilyl) sulfide acted as a sulfur
exchange reagent and not as a [SSi(CH3)3] ligand donor.[39]

40 μm

Figure 5.26. Area for EDX mapping. Magnification x1000
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Figure 5.27. EDX analysis on sample 3 magnification x50

To confirm the presence of Tc=O bond in the product, the starting compound
(Bu4N)TcOCl4 and solid 3 were analyzed by IR spectroscopy (Figure 5.28). It is known
that the peak around 1019 cm1 correspond to Tc=O [77], while peaks around 2992, 2995
and 2894 cm-1 correspond to CH3-CH2 and peaks around 1495, 1444 and 1396 cm-1 to
ammonium group [155]. Solid 3 presented large peak for alkyl and ammonium stretches,
and a small peak characteristic of Tc=O bond. The large tetrabutyl-ammonium cation
peaks detected indicated the presence of impurities from the cation not washed from
the solid. The C≡N stretches at 2318 and 2291 cm-1 were also observed due to presence
of acetonitrile. The IR spectrum of solid 3’, corresponding to the solid 3 after acetonitrile
wash, did not present any characteristic peaks. No C≡N or tetrabutyl-ammonium anion
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stretches were observed, confirming that some acetonitrile ligand was still present on
solid 3 and was removed by a wash. A small peak for the Tc=O stretch was still observed.
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Figure 5.28. IR spectra of (Bu4N)TcOCl4 (black), solid 3 (olive) and solid 3’ (tan)

The acetonitrile solutions were also analyzed by UV-Visible spectroscopy (Figure
5.29). The analysis of the supernate after the dissolution of solid 3 in acetonitrile
contained around 4 mmol/L Tc according to LSC. The UV-Visible spectrum of the
supernate presented peaks around 370, 266 and 220 nm. No similar spectral signatures
was found when the UV-Vis of the solution was compared to the starting compound and
the one obtained after 2 hours of reaction for TcOCl4-:(Me3Si)2S with a ratio 1:10. Only
the peak at 220 nm, which corresponds to interaction between technetium and sulfur or
oxygen, was present in each spectrum.
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Figure 5.29. UV-Visible spectra showing the MeCN solution after contact with Solid 3 for a
month (black), compared to TcOCl4- (red) and spectrum obtained after 2h of reaction for
TcOCl4-:(Me3Si)2S ratio 1:10 (brown)

5.3.4 Reaction with TcCl4
5.3.4.1 Solid state analysis
The behavior of technetium tetrachloride in acetonitrile with bis(trimethylsilyl)
sulfide was studied. The precipitate obtained at the end of the reaction (sample 4, Table
5.1) was characterized by scintillation counting and UV-Visible, EDX, IR and XAFS
spectroscopies. The TcCl4 prepared and used for the reaction was a crystalline
compound. It consists of infinite ordered zigzag chains of edge-sharing TcCl6 octahedra
shown in Figure 5.30.[80]
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Figure 5.30. Ball-and-stick representation of TcCl4. Two edge-sharing octahedra and a portion
of a third octahedron are represented. (Distances are in angstrom and angles in degrees).

The solution chemistry of TcCl4 is sparse. Technetium tetrachloride dissolves in
water with some hydrolysis and in hydrochloric acid and is insoluble in the most
common solvents, and it is insoluble in dichloromethane.[157] It was shown that TcCl4
dissolves in a donor solvents (MeCN and THF) to form neutral octahedral monomeric
Tc(IV) complexes of the composition [TcCl4(L)2].[158] The longest distances of the bonds
between technetium and perpendicular chlorine to the chain are easily cleaved by
donor solvents and yield to cis-complexes. The products can be isolated as crystalline
solids in the absence of water.[158] Literature showed that cis-[TcCl4(MeCN)2] can be
prepared by refluxing TcCl4 in acetonitrile under argon for two hours. The polymeric
chain of (TcCl4)n breaks and results in a clear yellow solution containing an almost
perfect octahedral specie.[159] However, cis-[TcCl4(MeCN)2] is sensitive to moisture and
readily hydrolyzes to the golden brown [{TcCl3(MeCN)2}2O].[159] Experimentally the
dissolution of TcCl4 was taking more than two hours as described in literature.[159] After
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two hours, the solution became yellow but some solid was still present as a suspension.
After few days no solid was observed and the solution was dark green-yellow. The
difference with literature could be due to the crystallinity for the compound and
corresponding rates of dissolution. The change to a greenish color could indicate the
presence of hydrolysis product [{TcCl3(MeCN)2}2O], since a study described the obtained
crystals of this compound as golden-brown.[159]

After dissolution of TcCl4 in acetonitrile, (Me3Si)2S was added. The solution became
brown immediately as in the previous experiments. After the reaction, some black
precipitate (solid 4) was recovered. The scintillation counting analysis indicated that 34%
by mass of the solid contained 99Tc. This is different from the starting compound TcCl4
that contains around 41% of Tc by mass. The EDX analysis using the TEM on solid 4
showed the powder to have different composition. Small particles were analyzed, some
contained only Tc (Tc metal from TcCl4 synthesis), some other contained only Tc and Cl
atoms (TcCl4), some other had a mixture of Tc, Cl, O and S atoms likely the product of
reaction. Nine particles from the considered product of reaction were analyzed and the
average of their composition corresponded to the following atomic percentages: Tc
(23.1%), S (42.5%), O (20.2%) and Cl (12.8%) (Figure 5.31). The EDX analysis did not give
any exact formula for the product but indicated that no silicon was detected. This
results confirmed that bis(trimethylsilyl) sulfide acted more as a sulfur exchange reagent
than a [SSi(CH3)3] ligand donor.[39]
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Figure 5.31. EDX spectrum of one of the particle of solid 4

Note: C and Cu peaks come from the sample holder.

The EDX spectroscopy (Figure 5.31) showed that the solid produced after reaction
between TcCl4 and (Me3Si)2S is an oxosulfide-chloride. The presence of oxygen might
come from an oxidation of the sample by air or from the presence of
[{TcCl3(MeCN)2}2O]. The presence of the hydrolysis product of (TcCl4).2MeCN,
[{TcCl3(MeCN)2}2O], is a reasonable hypothesis due to the change of solution color
during the TcCl4 dissolution step. Thus only the terminal Cl ligands would have reacted
with (Me3Si)2S, leaving the Tc-O-Tc bridging intact, resulting in the detection by EDX of a
mixture of Tc, C, O and S atoms in the product. The solid was also analyzed by IR
spectroscopy (Figure 5.32). IR spectrum of solid 4 had a peak around 2284 cm-1
suggesting the presence of some ligand MeCN, confirming the presence of
[{TcCl3(MeCN)2}2O] and/or(TcCl4).2MeCN .
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Figure 5.32. IR spectrum of solid 4 in the area of interest 1800 – 2800 cm-1

The XANES spectrum of solid 4 (Figure 5.33) was analyzed and compared to TcO4and TcS2. No pre-edge peak at 21044 eV was observed indicating that the sample did
not contain any pertechnetate or tetrahedral geometry technetium species. The
position of the absorption edge of solid 4 at 21050 eV was compared to the one of TcO2
and TcCl62- and was consistent with the presence of tetravalent technetium (Table 5.3).

Table 5.3. Shift of the Tc K-edge absorption relative to KTcO4 in eV

Compounds

Oxidation state

Tc K-edge shift [eV]

TcO4-

VII

0

TcO2 [121]

IV

- 6.95

TcCl62- [122]

IV

-9

Tc metal [121]

0

- 19.85

Solid 4

-

- 10.8
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Figure05.33. Normalized Tc K-edge spectrum XANES for KTcO4 (black), TcS2 (dashed blue line)
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and solid 4 (solid dark
blue line)
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The EXAFS spectra were recorded in the k-range of [0-15] Å-1 in transmission mode.
The EXAFS spectrum was k3-weighed and Fourier transform performed in the range [214] Å-1. The spectrum of TcS2, as measured and analyzed in chapter 4, was overlapped
with the solid 4 spectrum (see Figure 5.34). The two solids are different which indicate
that the reaction with (Me3Si)2S did not exchange all the chlorine atoms completely
from TcCl4 to sulfur atoms. Unfortunately, it is difficult to distinguish between S and Cl
with the utilized methods so no structure was proposed.[89]
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Figure 5.34. Fourier transform of k3-EXAFS spectra for TcS2 (dashed blue line) and solid 4 (solid
dark blue line)

5.4

Conclusion
In summary, the reaction of tetrabutyl-ammonium perrhenate and tetrabutyl-

ammonium pertechnetate with bis(trimethylsilyl) sulfide in acetonitrile solvent has been
examined. For rhenium, the complex ReO3S- has been produced and successfully
characterized which validated the experimental approach for the study on technetium.
For technetium, experimental and computational results provided the first evidence for
the formation of TcO3S-. UV-Visible spectra recorded in acetonitrile showed distinct
spectral signatures, which were attributed to TcO3S-. The ESI/MS analysis further
revealed the presence of peaks characteristic of TcO3S-. The molecular structure of
TcO3S- was optimized using DFT, also oscillator strengths and transition energies were
calculated using TD-DFT with this model TcO3S- complex and showed very good
agreement with experimental UV-Visible spectrum. Ligand-to-metal charge transfer
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transitions occurring within the TcO3S- complex were assigned using TD-DFT. Longer
kinetic studies indicated that the TcO4-xSx- (x = 2, 3, 4) species have not been
detected.[50] Further synthesis afforded a solid containing technetium, sulfur and
oxygen. The XANES analysis was consistent with the presence of technetium atom in a
tetravalent state.
The reaction between (Me3Si)2S and (Bu4N)TcXCl4 (X = N, O) in acetonitrile produced
multiple compounds. The (Me3Si)2S preferentially reacted with chlorine ligands leaving
the Tc≡N or Tc=O bonds intact. The presence of tetrabutyl-ammonium cation in the IR
spectrum indicated that solid 2 was and mostly anionic while solid 3 seemed to be
molecular species.
The reaction of technetium tetrachloride with bis(trimethylsilyl) sulfide in
acetonitrile solvent was also examined. From the various analysis performed on solid 4
(Table 5.1), the product contains some acetonitrile and some oxygen atoms. The
dissolution kinetics of TcCl4 was longer than expected from literature due to high
crystallinity of the material [80]. This resulted in a different color of the solution, yellowgreen instead of yellow-orange.[159] This step probably lead to the formation of different
compounds as the soluble TcCl4.MeCN adduct specie but also most likely the hydrolyzed
Tc-O-Tc specie. Reacting this mixture of compounds with (Me3Si)2S lead to the formation
of various compound containing Tc(IV) with some MeCN adducts and various ratios of
Tc, Cl, S and O. No exact composition of solid 4 was determined.
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6

Chapter 6: Conclusions and Future work

The work presented was focused on the synthesis of technetium sulfide compounds
for waste form applications. No solubility studies were performed. The investigations on
technetium sulfide synthesis and characterization allowed a better understanding of its
fundamental chemistry. The chemistry of technetium sulfides was poorly studied and
consisted of only two compounds; a weekly characterized Tc2S7 and TcS2 synthesized by
only one route. This work resulted in the discovery of new species, the reinvestigation of
the chemistry of Tc2S7 and TcS2, the study of technetium in sulfuric acid – hydrogen
sulfide solutions, and exploration of technetium chemistry in acetonitrile with
bis(trimethylsilyl) sulfide. Technetium species were characterized by various
spectroscopic and microscopic techniques. Elemental analyses were performed by EDX
and LSC measurements. Technetium speciation was determined by UV-Visible and XAFS
spectroscopies. For the first time, XAFS measurements were performed at the K-edge
XAFS of sulfur on TcS2 and Tc2S7. The compounds investigated are important for
fundamental chemistry understanding but also could have important applications. The
form Tc2S7 could be used to immobilize pertechnetate in the environment as suggested
in previous studies.[13] The compounds Tc2S7 and TcS2 could be used for waste forms.
Technetium disulfide, like other transition metal sulfides, could have very attractive
properties for catalysis applications such as hydrogenation and hydrodesulfurization
reactions.
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Transition metal sulfides with the stoichiometry M2S7 have been reported only for
technetium and rhenium. Those compounds can be synthesized from the reaction of
MO4- and H2S(g) in sulfuric acid. The precipitates obtained were analyzed by XAFS
spectroscopy; the structure of the precipitates was similar to the compound Tc2S7
previously described in the literature. Unfortunately, no exact stoichiometry was
measured because the solid contained impurities that precluded reliable elemental
analyses. The XANES spectra of the precipitates obtained from the reaction of TcO4- with
H2S in H2SO4 were compared to various known technetium compounds; the large shift
of the Tc K-edge indicated that the existence of a Tc(VII) species with the formula Tc2S7
was unlikely. The EXAFS data were consistent with the compound described as Tc3S10.[70]
The spectroscopic study concluded that the compound is similar to MoS3 and described
as a chain, or Tc3 triangle cluster or a mixture of chains and triangle clusters. For the first
time, S K-edge XAFS was performed on Tc sulfide compounds. The S K-edge XAFS
analysis on Tc2S7 indicated that it was similar to Re2S7 showing an important amount of
mixing of metal d-orbitals with S 3p-orbitals and a possible sulfur oxidation state
mixture (S2- and S22-). The fact that the precipitate can be described as a reduced
technetium species coordinated to sulfur at different oxidation states indicates that
technetium underwent internal redox process with sulfur during the reaction with H 2S.
Various induced internal electron transfer reactions showing change of formal oxidation
state of metal centers and presence of mixed oxidation state of the sulfur has been
encountered for transition metals from group 5 to 7.[153]
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For the first time, analyses on the supernates of the reaction between TcO4- and
H2S(g) in H2SO4 were performed. The UV-Visible spectra suggested the presence of
polymeric species. The XANES results indicated that a reduced Tc was present in the
solutions. The EXAFS fitting study is summarized in Table 6.1. It shows that the Tc
species were very similar in 3 M, 6 M, 9 M and 12 M H2SO4, showing the presence of
polymeric species containing the Tc-O-Tc unit coordinated to sulfate, water and/or
hydroxide ligands. The technetium species in the 15 M H2SO4 supernate was a
monomeric compound in which the central technetium atom is surrounded by sulfate,
water and/or hydroxide ligands. The species in the 18 M H2SO4 supernate contained the
Tc2(μ-O)2 unit coordinated to monodentate sulfate, water and/or hydroxide ligands.

Table 6.1. Description of supernates as a function of H2SO4 concentration

Solutions

Description

Supernate in 3 M, 6 M, 9 M and
12 M H2SO4

Polymeric with Tc-O-Tc configuration
Surrounded by sulfate and water/hydroxide ligands

Supernate in 15 M H2SO4

Monomeric
Surrounded by sulfate and water/hydroxide ligands

Supernate in 18 M H2SO4

Polymeric with Tc2(μ-O)2 configuration
Surrounded by sulfate and water/hydroxide ligands

The speciation of technetium in 12 M H2SO4 during the reaction with H2S was
studied and revealed a possible mechanism of formation of technetium soluble species.
The mechanism was described as successive reduction of TcVIIO3(H2O)2(OH) to
TcVO(HSO4)3(OH)-

and

to

Tc(IV)

complexes
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(i.e.,

Tc(HSO4)2(H2O)(OH)2

and

Tc2O(HSO4)4(H2O)2(OH)2). Those oxosulfide and sulfate complexes started to polymerize
and formed colloids. This study expanded the understanding of Tc chemistry in
H2SO4/H2S solution. When TcO4- reacted with H2S(g) no successive oxygen to sulfur
exchanges were observed in solution but a reduced Tc species containing sulfate ligands
was detected. This is very different from other transition metals where molecular
MSxO4-xn- (M = Mo, W, Re; n = 1 or 2; 0<x<4) species were observed, see Table 1.2.
Compared to other group VII elements, the difference of technetium behavior with
sulfur can be explained by the difference in redox potentials. As described in section 0,
in acidic media manganese, technetium and rhenium have different redox potentials:
1.679 V, 0.782 V and 0.510 V respectively (see Equation 1.8 and Table 1.3). Compared to
sulfur redox potential (i.e., 0.48 V, Equation 1.9), rhenium is the only group VII metal
having a redox potential that allows one to observe stable ReO3S- and ReS4- species. The
larger redox potential difference with sulfur for manganese and technetium prevents
the observation of stable MO3S- or MS4- (M = Mn or Tc) species in acidic solutions.
Technetium disulfide, in greater than 90% yield, has been prepared by three new
methods using starting compounds with different oxidation states. These include a
reaction between technetium metal and sulfur at 450 °C in a sealed tube, a reaction
between Tc2(O2CCH3)5 and flowing H2S(g) at 450 °C and a reaction between K2TcCl6 and
H2S(g) in sulfuric acid. These new methods allow the preparation of TcS 2 at lower
temperature than the literature, a thermal treatment of Tc2S7 at 1000 °C.[71] The EXAFS
analyses agreed with XRD structural parameters for TcS2. Reactions from different
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oxidation state technetium compounds lead to the most thermodynamically stable
technetium (IV) sulfide compound, TcS2.
Elemental analysis, Tc K-edge XAFS and S K-edge XAFS demonstrated that Tc2S7 and
TcS2 are two distinct compounds. These powders did not dissolve easily in acids, bases,
organics or water. The simplicity of the synthesis and the difficulty to dissolve the
powders make those compounds potential candidates for waste form applications.

The use of an organic sulfur reagent that offers metathetic reactions between
oxygen or chlorine with sulfur produced new technetium sulfide compounds. Reactions
were performed in acetonitrile between various technetium compounds (i.e., TcO4-,
TcNCl4-, TcOCl4- and TcCl4) and bis(trimethylsilyl) sulfide. The reaction of (Bu4N)TcO4 with
(Me3Si)2S produced the first oxosulfide complex, unstable TcO3S-. This compound is
redox sensitive and undergoes a fast reduction and/or polymerization reaction,
preventing the formation of TcO4-xSx- (x = 2, 3, 4). As described in acidic media, the redox
potentials for the group VII metals should follow the same trend in organic media:
E0(Mn) > E0(Tc) > E0(Re). When reacted with (Me3Si)2S in MeCN, it was possible to
prepare stable ReO3S- compound, while TcO3S- specie was only observed as an unstable
intermediate in solution. The resulting solid after reaction was a technetium oxosulfide
complex. The reaction between (Me3Si)2S and TcXCl4 (X = N. O) were also performed.
Solution studies were followed by UV-Visible spectroscopy and ESI/MS, changes were
observed over time characteristic of oxygen or chlorine to sulfur exchanges. Large scale
syntheses produced multiple species. It appeared that (Me3Si)2S preferentially reacted
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with chlorine ligands leaving Tc≡N or Tc=O bonds intact. The reaction of crystalline TcCl4
with (Me3Si)2S in acetonitrile formed a solid with Tc in a reduced oxidation state
containing some acetonitrile ligands and some oxygen atoms.

To gain a better understanding of Tc2S7 structure compared to TcS2, EXAFS S K-edge
experiments should be repeated and analysis on Tc LIII/II-edge should be performed to
further evaluate Tc oxidation state. It has been observed that the compounds Tc 2S7 and
TcS2 are difficult solids to dissolve. This work focused only on technetium sulfide
synthesis for waste form application. Future experiments should determine dissolution
properties in water or environmental conditions at room temperature and compare it to
known dissolution rate of rhenium and technetium compounds, like metal or dioxide.
Rhenium experiments showed that ReS2 had lower dissolution rate than ReO2; it would
be interesting to compare TcS2 results to TcO2 and see if an important difference in
dissolution rate exists as for the rhenium system.[24] One of the latest disposal
repository scenarios considered by U.S. D.O.E., deep borehole configuration, can be
examined and compared to calculated data found in literature.[4]
For fundamental purposes, future work should reexamine in more detail the
reaction of technetium compounds with (Me3Si)2S by controlling the ratio Tc:S. To
perform further investigations of the reaction between (Me3Si)2S and TcCl4, dissolution
of TcCl4 in acetonitrile should be controlled and confirm the presence of cis[TcCl4(MeCN)2] and not the hydrolyzed species [{TcCl3(MeCN)2}2O]. Reactions in
different organic solvents should also be considered and the results should be compared
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to the results obtained in acetonitrile to understand if the solvent plays a role in the
reaction. The solubility properties of the ternary technetium sulfide compounds
obtained after reactions using (Me3Si)2S as sulfur reagent should be examined. These
data will give a better understanding of ternary technetium sulfide stability in various
environments.
Finally different sulfur reagents should be studied with technetium. As presented in
section 1.3, to study technetium sulfide chemistry two types of reagents can be used;
sulfur atom donors or oxo-for-sulfido exchange. Other than elemental sulfur or
hydrogen disulfide, other sulfur atom compounds that can be studied include alkali
metal polysulfide solutions, carbonyl sulfide (COS), dibenzyl trisulfide (BzSSSBz) or
persulfide compound (RSSR). Lawesson’s reagent or boron trisulfide also could be used
as an oxo-for-sulfido exchange reagent.
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APPENDIX A : Methods used
A.1

Electrospray Ionization Mass Spectrometry
A mass spectrometer is an instrument that measures the masses of individual

molecules that have been converted to ions. The electrospray ionization (ESI) technique
was used, forming charged liquid droplets from which ions are dissolved or desorbed.
Ions now in the gas phase are passed through the quadrupole mass analyzer and are
collected at the detector (Figure A.1). Only ions of a specific mass-to-charge ratio are
allowed to pass through the quadrupole at any one time. The basic function of the
detector is to measure the mass-to-charge ratio of ions. The detected signal is sent to
the data system and stored ready for processing.[160]

Figure A.1. Key components of the system. LC column separation is not always used [160]
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Electrospray Ionization is regarded as soft ionization technique providing a sensitive
means of analyzing a wide range of polar molecules. In ESI, fragmentation is generally
not apparent; however, increased source voltages can induce fragmentation to provide
structural information. Electrospray Ionization operates by the process of emission of
ions from a droplet into the gas phase (Figure A.2). A solvent is pumped through an inert
capillary that carries a high potential (3 to 5 kV). The insert capillary is surrounded by a
tube that directs a concentric flow of nitrogen nebulizing gas past the droplets of liquid
forming at the probe tip. The action of nebulizing gas, high voltage and heated probe
produces an aerosol of liquid droplets containing ions of the sample and solvent. As the
solvent is removed from the second concentric flow of heated nitrogen gas, the charge
density on the surface of the droplets increases until the Rayleigh limit is exceeded.
After this, a multitude of smaller droplets are formed by coulombic explosion. This
process is repeated until charged sample ions remain and can be sampling by the ion
source.[160]

Figure A.2. Positive ion electrospray mechanism [160]
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A.2

Energy Dispersive X-ray spectroscopy
Energy Dispersive X-ray (EDX) Spectroscopy is a non-destructive qualitative and

quantitative X-ray microanalytical technique that can provide information on the
chemical composition of a sample for elements with atomic number (Z) >3. [161] An
electron beam is focused on the sample in either a scanning electron microscope (SEM)
or a transmission electron microscope (TEM).[100] The electrons from the primary beam
penetrate the sample and interact with the atoms from which it is made. An electron is
ejected, making the atom in an excited state. The inner shell electron is filled back from
an outer shell electron of higher energy.[162] The conservation of energy is conserved by
emission characteristic X-rays (Figure A.3).

Figure A.3. Principle of EDX [162]

The X-rays are detected by an Energy Dispersive detector which displays the signal
as a spectrum of X-ray intensity versus energy. The energies of the characteristic X-rays
allow the identification of element in the sample while the intensities of the
Characteristic X-ray peaks allow quantifying the elements.
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The underlying principles for generation of X-rays and detection by EDX are the
same for SEM and TEM. However, due to the differences in construction of the two
types of microscopes, and the different accelerating voltages used in their operation,
there are some variations in how EDX detectors perform on the two platforms. For EDX
in the SEM, spatial resolution and depth resolution is on the order of a few microns. In
the TEM, the sample is a thin foil and there is less spreading of the electron beam at
higher accelerating voltages, so the spatial resolution is better at higher kV and is on the
order of nanometers. The detection limit of EDX analysis in the SEM depends on the
composition of the sample being analyzed, but is in the range 0.1-0.5 wt%. It is an
effective technique for major and minor element analysis, but lacks the sensitivity for
trace-element analysis. In the TEM detection limits of around 0.01-0.1 wt% can be
achieved.[161]

A.3

Liquid Scintillation Counting
Liquid scintillation counting (LSC) is an analytical technique which is defined by the

incorporation of the radioisotope containing analyte into a uniform distribution within a
liquid chemical medium capable of converting the kinetic energy of nuclear emissions
into light energy (Figure A.4). This can be achieved by mixing the radioisotope with a
scintillator dissolved in an organic cocktail.[163]
When an α or β particle is emitted, it travels short distances in the cocktail before
losing all of its kinetic energy. This energy is absorbed by the medium in 3 forms: heat,
ionization and excitation.[163] The energy of the excited solvent is emitted as UV light
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and the solvent molecule returns to ground state. The excited solvent molecules can
transfer energy to each other and the solute. The solute is a fluor, a chemical
component of the liquid scintillation cocktail. The UV light is absorbed by fluor
molecules which emit photons upon return to ground state. Because that light emission
may be at a wavelength that does not allow efficient detection by the photomultiplier
tube (PMT), the cocktail contains secondary phosphors that absorb the fluorescence
energy of the primary phosphor and re-emit at a longer wavelength. Those photons
interact with the PMT, electrons are ejected, producing an electrical pulse that is
proportional to the number of photons. The amplitude of the electrical pulse is
converted into a digital value, which represents the particle energy and the number of
pulses per seconds corresponds to the number of radioactive emissions, hence activity.

Figure A.4. Principle of liquid scintillation counting [164]

The main disadvantage with LSC is chemical or optical quenching effects. Quenching
is the loss of counts due to sample or cocktail characteristics and may result from a
variety of factors. Chemical quenchers reduce the number of photons generated by
each emitted particle. Color quenchers absorb light in the range of the wavelength
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emitted by the scintillator. In this case the number of photons emitted is not changed,
but the number reaching the photomultiplier tube is reduced. In both types of
quenching, the energy of all light pulses is reduced, and the total counts are reduced by
the number of pulses quenched to below detectable levels. This leads to an
underestimate of the total counts, and thus of the isotope concentration present. It also
leads to an apparent shift in the energy spectrum of the sample. Specific attention must
be taken during sample preparation. Principle and further details on LSC, scintillation
materials and detectors can be found in literature.[164,165]

A.4

Infra-Red spectroscopy
Infra-Red (IR) spectroscopy is used both to gather information about the structure of

a compound and as an analytical tool to assess the purity of a compound. [82,166] Infra-red
refers to that part of the electromagnetic spectrum between the visible and microwave
regions (Figure A.5). The higher-energy near-IR, approximately 14000 – 4000 cm−1 can
excite overtone or harmonic vibrations. The mid-IR, approximately 4000 – 400 cm−1 may
be

used

to

study

the

fundamental

vibrations

and

associated rotational-

vibrational structure. The far-IR, approximately 400 – 10 cm−1, lying adjacent to
the microwave region, has low energy and may be used for rotational spectroscopy. The
names and classifications of these sub-regions are conventions, and are only loosely
based on the relative molecular or electromagnetic properties.[167]
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Figure A.5. The IR regions of the electromagnetic spectrum [167]

Infra-red radiation is absorbed by molecules and converted into energy of molecular
vibration. When the radiant energy matches the energy of a specific molecular
vibration, absorption occurs. A typical IR spectrum is plotted with wavenumber,
proportional to energy, on the x-axis versus the percent transmittance (%T) on the yaxis. Analysis of the position, shape and intensity of peaks in the spectrum reveals
details about the molecular structure of the sample. There are two types of molecular
vibrations: stretching and bending (Figure A.6). In order for a vibrational mode in a
molecule to be IR active, it must be associated with changes in the dipole. [167]
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Figure A.6. Stretching and bending vibrational modes of CH2 from CH2X2 group [167]

A.5

Density Functional Theory
Density functional theory is a quantum mechanical modeling method used

in physics and chemistry to investigate the electronic structure, principally the ground
state, of many-body systems, in particular atoms, molecules, and the condensed phases.
General DFT principles will be described in this section based on complete review of
density functional theory found in the literature.[168,169]
With this theory, the properties of a many-electron system can be determined by
using functionals (i.e., functions of another function) which in this case is the spatially
dependent electron density. The ultimate goal of most approaches in solid state physics
and quantum chemistry is the solution of the time-independent, non-relativistic
Schrödinger equation (Equation A5.1).
ĤΨ(r1,r2,…,rN) = ΕΨ(r1,r2,…,rN)
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Equation A5.1

To take into account the fact that many electrons are present in the nuclei,
calculations use the fundamental Hamiltonian as in Equation A5.2:
Ĥ=

ħ2
𝑍𝐼 𝑒 2
∑ ∇2𝑖 − ∑
+
|𝑟𝑖 − 𝑅𝐼 |
2𝑚
𝑖

𝑖,𝐼

ħ2
−
∑ ∇2𝐼 +
2𝑀
𝐼

1
2

1
2

𝑒2
∑ 𝑟 − 𝑟
|𝑖
𝑗|
𝑖,𝑗

𝑍𝐼 𝑍𝐽 𝑒 2
∑
|𝑅𝑖 − 𝑅𝑗 |

Equation A5.2

𝐼,𝐽

where the first three terms correspond to the electronic component: kinetic energy of
the electron, kinetic energy of the nuclei and attractive electrostatic interaction
between the nuclei and the electrons. The last two terms are the repulsive potential due
to the electron-electron and nucleus-nucleus interaction, which in the BornOppenheimer approximation is a constant. In this approximation also the nuclei are
considered fixed, so the kinetic term of nuclei is neglected.
In the Schrödinger equation the many electron wave functions Ψ(r1,r2,…,rN) is a
function of 3N variables, where N is the number of electrons. If there are too many
degrees of freedom, the equation can’t be solved. To approach the many-body problem,
DFT considers electron density instead of the wavefunction, an approach from
Hohenberg-Kohn-Sham has been proposed. First it is considered that all ground state
properties are determined by the ground state density. This theory is supported by 2
theorems. The first theorem (Hohenberg-Kohn in 1964) demonstrates that the electron
density uniquely determines the Hamiltonian operator and thus all the properties of the
system. The total energy of a many-body system is a unique functional of electron
density. The second theorem (Kohn-Sham ansatz in 1965) states that the functional that
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delivers the ground state energy of the system, delivers the lowest energy if and only if
the input density is the true ground state density. This approach was used to turn DFT
into practical method, by replacing the original many-body problem with an
independent electron problem. The unknown functional F[n] is described in Equation
A5.3:
𝐹[n] = 𝑇𝑠 [𝑛] + ∫

𝑛(𝐫)𝑛(𝐫 ′ )
𝑑𝐫𝑑𝐫′ + 𝐸𝑥𝑐 [𝑛]
|𝐫 − 𝐫 ′ |

Equation A5.3

with Ts[n] the non-interacting kinetic energy and Exc[n] as the unknown. It is an exact
theory but with an unknown functional Exc[n] that can be approximated by different
functional

works:

Local

Spin

Density

Approximation,

Generalized

Gradient

Approximation, Hybrid functional, orbital functional with the Optimized Effective
Potential method.
When the Kohn-Sham equation is solved, the eigen-energy and eigen-functions are
found which will help to determine: ground state total energy, forces acting on atom,
charge density, band structure and density of states and vibrational properties. As a
result, DFT is presently the most successful approach to compute the electronic
structure of matter. Its applicability ranges from atoms, molecules and solids to nuclei
and quantum and classical fluids. Calculations were run by Philippe Weck or by Jérôme
Roques.
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APPENDIX B : EXAFS Analysis
B.1

Data extraction and Data analyses
To analyze the data, the raw measured intensities data are converted to μ(E)

according to Equation 2.7 and Equation 2.8. All the spectra are corrected for systematic
measurement errors (i.e., self-absorption effects or detector dead time).
Using ATHENA software

[91]

the background contribution was removed: subtraction

of a smooth pre-edge function from μ(E) and smooth post-edge background function to
approximate μ0(E). For that the ranges are defined: pre-edge (-200 to -60) and the postedge are usually not changed (right value given by the software itself). The threshold
energy E0 (maximum derivative of μ(E) or defined for EXAFS fitting) is identified and the
spectrum μ(E) is normalized.
All the spectra of the same compound are aligned, self-absorption corrected, if
necessary, in booth χ(k) at an angle of 45° and thickness of 1000 (knowing the exact
mass of compound and BN used for the sample preparation) and merged.
To find the right extraction conditions, two parameters are examined: the k spline
range (0.5 to 14.5, 0.5 to 14, 1 to 14.5 and 1 to 14) and the R background (1.0, 1.1, 1.2 or
1.3).
The XAFS χ(k) is isolated and data analysis (k3-weighed and Fourier transformed into
R-space) was performed using WINXAS

[93]

as shown in Figure 2.19. For the fitting

procedure, amplitude and phase shift function were calculated by FEFF 8.2
files were generated by Atoms

[95]

[94]

. Input

using the crystallographic structures found in

literature.
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During the fitting procedure various adjustments are performed: Fourier
Transformation range, choice of scattering paths and choice of fixed parameters
(depending of what is known about the compound). The best adjustment was defined as
the lower value of reduced chi2.

B.1.1.

Tc2S7 precipitates

It has been chosen that the scattering paths 001 (Tc-S) and 009 (Tc-Tc) from TcS2
model were the ideal to fit Tc2S7. The adjustments of spectra was performed in 2 < k <
12 Å-1 and 0 < R < 8 Å-1 while S02 (amplitude reduction factor) was fixed at 0.9. For the
fitting procedure, the coordination number (CN), distance (R) and the Debye-Waller
factor (σ2) were allowed to vary, a single value of energy shift (ΔE0) was used for all
scattering. Guidance given for the parameters for XAFS Fit for Tc2S7 precipitates are
presented in Table B.1. Extraction parameters used for each precipitates that gives the
lower reduced chi2 values are given in Table B.2.

Table B.1. Guidance given for the parameters for XAFS Fit for Tc2S7 precipitates

CN

R

Sigma2

E0 shift

Feff 001

Tc-S

6

2.3

0.005

0

Feff 009

Tc-Tc

2

2.7

0.005

0
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Table B.2. Extraction parameters used for each precipitates that gives the lower reduced chi2
values

E0

Rbkg

Spline range in k

Self-Absorption

Precipitate 3 M H2SO4

21060 1.0

0.5-14.5

B4.23 N4.23 Tc0.066 S0.232

Precipitate 6 M H2SO4

21057 1.2

0.5-14

B3.43 N3.43 Tc0.08 S0.28

Precipitate 9 M H2SO4

21057 1.2

0.5-14

B4.03 N4.03 Tc0.09 S0.33

Precipitate 12 M H2SO4

21057 1.1

0.5-14

B4.23 N4.23 Tc0.066 S0.232

Precipitate 15 M H2SO4

21057 1.2

0.5-14

B4.03 N4.03 Tc0.07 S0.25

Precipitate 18 M H2SO4

21057 1.2

0.5-14

B4.03 N4.03 Tc0.066 S0.232

B.1.2.

Tc2S7 supernates

The adjustments of spectra was performed in 3 < k < 13 Å-1 and 0 < R < 8 Å-1 while S02
(amplitude reduction factor) was fixed at 0.9. For the fitting procedure, the coordination
number (CN) and distance (R) were allowed to vary, a single value of energy shift (ΔE 0)
was used for all scattering. The Debye-Waller factors (σ2) were fixed to values found in
literature.
It has been chosen to use scattering paths from various models to fit the supernates
to evaluate the presence of Tc sulfide complexes, Tc-O-Tc core coordinated to
monodentate (Tc-Smono) and or/ bidentate (Tc-Sbid) sulfate ligands and presence of Tc2(μO)2.
Various adjustments were performed using scattering paths determined by FEFF8.2:
-

For the first model (TcS2): Tc-Ssulfide and Tc-Tcsulfide single scattering paths
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-

For the second model ([O5-Tc-O-O5]4- with bidentate and monodentate sulfate
ligands): Tc-O(-Tc), Tc-O, Tc-Smono, Tc-Sbid single scattering paths and the multiple
scattering path for Tc-O-Tc.

-

For the third model (TcO2): Tc-O single scattering paths around 1.8 Å and 2.0 Å
and a single scattering Tc-Tc around 2.4 Å.

-

Guidance given for the parameters for XAFS Fit for Tc2S7 supernates are in Table
B.3 and the Extraction parameters used for each supernates that gives the lower
reduced chi2 values in Table B.4.

Table B.3. Guidance given for the parameters for XAFS Fit for Tc2S7 supernates

CN

R

Sigma2 (Fixed)

E0 shift

Model 1 feff 001

Tc-O-(Tc)

1

1.8

0.0022

0

Model 1 feff 002

Tc-O

1

2.0

0.004

0

Model 1 feff 004

Tc-Sbid

1

2.8

0.006

0

Model 1 feff 005

Tc-Smono

1

3.5

0.009

0

Model 1 feff 008

Tc O Tc

2

3.6

0.008

0

Model 3 feff 001

Tc-μO

1

1.8

0.009

0

Model 3 feff 006

Tc-μO

1

2

0.008

0

Model 3 feff 007

Tc-Tc

1

2.4

0.006

0

Table B.4. Extraction parameters used for each supernates that gives the lower reduced chi2
values

E0
Supernates 3, 6, 9, 12, 15 and 18 M H2SO4
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Rbkg

21050 1.2

Spline range in k
1-14.5

B.1.3.

TcS2 solids

It has been chosen that the scattering paths 001 (Tc-S), 009 (Tc-Tc), 011 (Tc-Tc) and
0012 (Tc-Tc) from TcS2 model were the ideal to fit TcS2. The adjustments of spectra was
performed in 2 < k < 14 Å-1 or 2 < k < 12 Å-1 and 0 < R < 8 Å-1 while S02 (amplitude
reduction factor) was fixed at 0.9. For the fitting procedure, the distance (R) and the
Debye-Waller factor (σ2) were allowed to vary; a single value of energy shift (ΔE0) was
used for all scattering. The coordination number (CN) was fixed to the one found in TcS 2
crystal structure.
Guidance given for the parameters for XAFS Fit for TcS2 crystalline solids are in Table
B.5 and for amorphous solid in Table B.6. Extraction parameters used for each solid that
gives the lower reduced chi2 values are given in Table B.7.

Table B.5. Guidance given for the parameters for XAFS Fit for TcS2 crystalline solids

CN (Fixed)

R

Sigma2

E0 shift

Feff 001

Tc-S

6

2.3

0.005

0

Feff 009

Tc-Tc1

3

2.7

0.005

0

Feff 011

Tc-Tc2

1

3.5

0.005

0

Feff 012

Tc-Tc3

2

3.8

0.005

0

Table B.6. Guidance given for the parameters for XAFS Fit for TcS2 amorphous solids

CN (Fixed)

R

Sigma2

E0 shift

Feff 001

Tc-S

6

2.3

0.005

0

Feff 009

Tc-Tc

2

2.7

0.005

0

178

Table B.7. Extraction parameters used for each solid that gives the lower reduced chi2 values

E0

Rbkg Spline range in k

FT range

Feff used

Tc2S7 + S

21050 1.1

0.5-14

2-14

001, 009, 011, 012

Tc + S

21050 1.2

0.5-14.5

2-14

001, 009, 011, 012

Tc2(O2CCH3)5 + H2S

21050 1.1

0.5-14

2-12

001, 009

K2TcCl6 + H2S

21050 1.2

0.5-14.5

2-12

001, 009

Calculation of sigma2 incertitude for TcS2 paper

B.2

To calculate the incertitude of sigma2 of a specific scattering path, it is necessary to
determine Chi2 (A) which corresponds to the one found for the best fitting. Then, Chi2
(B) has to be determined which corresponds to the fitting having all parameters fixed at
0 for this scattering path. Then the sigma2 value is fixed to a value, and the Chi2 value of
this fitting, Chi2 (C), needs to be equal to 10% of Chi2 (B) added to Chi2 (A). If so, the
incertitude on the sigma2 is equal to σ2(C) - σ2(A). Note: values in pink are the fixed
values for the fitting.

B.2.1.

Tc2S7 + S (TcS2)

Table B.8. Best fitting parameters (used in the paper). S02 = 0.9 FT = 2-14. Giving Chi2 (A), TcS2

CN

R

σ2 (A)

Tc – S

6

2.38

0.0068

Tc – Tc1

3

2.80

0.0059

Tc – Tc2

1

3.54

0.0032

Tc – Tc3

2

3.77

0.0059

Chi2 (A) = 3 872
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Table B.9. Fitting parameters used to determine the incertitude for the path Tc-S, giving Chi2
(B), TcS2

CN

R

σ2

Tc – S

0

0

0

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

2
Chi2 (B) = 454 115
 10% = 45 412
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 49 284

Table B.10. Fitting parameters used to determine the incertitude for the path Tc-S, giving Chi2
(C) and the incertitude on sigma2, TcS2

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

2

R

σ2 (C)
0.009

Chi2 (C) = 45 148
 Incertitude = σ2(C) - σ2(A) = 0.009-0.0068 = 0.0022
σ2 = 0.0068(22)

Table B.8, Table B.9 and Table B.10 indicate the incertitude on σ2 (Tc-S) = 0.0068 to
be 0.0022.
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Table B.11. Fitting parameters used to determine the incertitude for the path Tc-Tc1, giving
Chi2 (B), TcS2

CN
Tc – S

6

Tc – Tc1

0

Tc – Tc2

1

Tc – Tc3

2

R

σ2

0

0

Chi2 (B) = 287 036
 10% = 28 704
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 32 576

Table B.12. Fitting parameters used to determine the incertitude for the path Tc-Tc1, giving
Chi2 (C) and the incertitude on sigma2, TcS2

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

2

R

σ2 (C)

0.008

Chi2 (C) =30 687
 Incertitude = σ2(C) - σ2(A) = 0.008 – 0.0059 = 0.0021
σ2 = 0.0059(21)

Table B.8, Table B.11 and Table B.12 indicate the incertitude on σ2 (Tc-Tc1) = 0.0059
to be 0.0021.
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Table B.13. Fitting parameters used to determine the incertitude for the path Tc-Tc2, giving
Chi2 (B), TcS2

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

0

Tc – Tc3

2

R

σ2

0

0

Chi2 (B) = 8 428
 10% = 843
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 4 715

Table B.14. Fitting parameters used to determine the incertitude for the path Tc-Tc2, giving
Chi2 (C) and the incertitude on sigma2, TcS2

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

2

R

σ2 (C)

0.0055

Chi2 (C) = 4 634
 Incertitude = σ2(C) - σ2(A) = 0.0055 – 0.0032 = 0.0023
σ2 = 0.0032(23)

Table B.8, Table B.13 and Table B.14 indicate the incertitude on σ2 (Tc-Tc2) = 0.0032
to be 0.0023.
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Table B.15. Fitting parameters used to determine the incertitude for the path Tc-Tc3, giving
Chi2 (B), TcS2

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

0

R

σ2

0

0

Chi2 (B) = 15 776
 10% = 1 578
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 5 450

Table B.16. Fitting parameters used to determine the incertitude for the path Tc-Tc3, giving
Chi2 (C) and the incertitude on sigma2, TcS2

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

2

R

σ2 (C)

0.009
Chi2 (C) = 5 533

 Incertitude = σ2(C) - σ2(A) = 0.009 – 0.0059 = 0.0031
σ2 = 0.0059(31)

Table B.8, Table B.15 and Table B.16 indicate the incertitude on σ2 (Tc-Tc3) = 0.0059
to be 0.0031.

B.2.2.

Tc + S (sample A)
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Table B.17. Best fitting parameters (used in the paper). S02 = 0.9 FT = 2-14. Giving Chi2 (A),
sample A

CN

R

σ2 (A)

Tc – S

6

2.38

0.0066

Tc – Tc1

3

2.80

0.0059

Tc – Tc2

1

3.53

0.0036

Tc – Tc3

2

3.75

0.0076

Chi2 (A) = 14 780

Table B.18. Fitting parameters used to determine the incertitude for the path Tc-S, giving Chi2
(B), sample A

CN

R

σ2

Tc – S

0

0

0

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

2
Chi2 (B) = 2 289 554
 10% = 228 955
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 243 735

Table B.19. Fitting parameters used to determine the incertitude for the path Tc-S, giving Chi2
(C) and the incertitude on sigma2, sample A

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

2

R

σ2 (C)
0.0088

Chi2 (C) = 254 915
184

 Incertitude = σ2(C) - σ2(A) = 0.0088-0.0066 = 0.0022
σ2 = 0.0066(22)

Table B.17, Table B.18 and
Table B.19 indicate the incertitude on σ2 (Tc-S) = 0.0066 to be 0.0022.

Table B.20. Fitting parameters used to determine the incertitude for the path Tc-Tc1, giving
Chi2 (B), sample A

CN
Tc – S

6

Tc – Tc1

0

Tc – Tc2

1

Tc – Tc3

2

R

σ2

0

0

Chi2 (B) = 1 573 865
 10% = 157 387
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 172 167

Table B.21. Fitting parameters used to determine the incertitude for the path Tc-Tc1, giving
Chi2 (C) and the incertitude on sigma2, sample A

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

2

R

σ2 (C)

0.0081

Chi2 (C) =170 277
Incertitude = σ2(C) - σ2(A) = 0.0081 – 0.0059 = 0.0022
σ2 = 0.0059(22)
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Table B.17, Table B.20 and Table B.21 indicate the incertitude on σ2 (Tc-Tc1) =
0.0059 to be 0.0022.

Table B.22. Fitting parameters used to determine the incertitude for the path Tc-Tc2, giving
Chi2 (B), sample A

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

0

Tc – Tc3

2

R

σ2

0

0

Chi2 (B) = 44 463
 10% = 4 463
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 19 243

Table B.23. Fitting parameters used to determine the incertitude for the path Tc-Tc2, giving
Chi2 (C) and the incertitude on sigma2, sample A

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

2

R

σ2 (C)

0.0063

Chi2 (C) = 19 729
 Incertitude = σ2(C) - σ2(A) = 0.0063 – 0.0036 = 0.0027
σ2 = 0.0036(27)
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Table B.17, Table B.22 and Table B.23 indicate the incertitude on σ2 (Tc-Tc2) =
0.0036 to be 0.0027.
Table B.24. Fitting parameters used to determine the incertitude for the path Tc-Tc3, giving
Chi2 (B), sample A

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

0

R

σ2

0

0

Chi2 (B) = 52 122
 10% = 5 212
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 19 992

Table B.25. Fitting parameters used to determine the incertitude for the path Tc-Tc3, giving
Chi2 (C) and the incertitude on sigma2, sample A

CN
Tc – S

6

Tc – Tc1

3

Tc – Tc2

1

Tc – Tc3

2

R

σ2 (C)

0.011
Chi2 (C) = 20 631

 Incertitude = σ2(C) - σ2(A) = 0.011 – 0.0076 = 0.0034
σ2 = 0.0076(34)

Table B.17, Table B.24 and Table B.25 indicate the incertitude on σ2 (Tc-Tc3) =
0.0076 to be 0.0034.
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B.2.3.

Tc2(O2CCH3)5 + H2S (sample B)

Table B.26. Best fitting parameters (used in the paper). S02 = 0.9 FT = 2-12. Giving Chi2 (A),
sample B

CN

R

σ2 (A)

Tc – S

6

2.38

0.0064

Tc – Tc1

2

2.78

0.0059

Chi2 (A) = 20 045

Table B.27. Fitting parameters used to determine the incertitude for the path Tc-S, giving Chi2
(B), sample B

CN

R

σ2

Tc – S

0

0

0

Tc – Tc1

2
Chi2 (B) = 925 682
 10% = 92 568
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 112 613

Table B.28. Fitting parameters used to determine the incertitude for the path Tc-S, giving Chi2
(C) and the incertitude on sigma2, sample B

CN
Tc – S

6

Tc – Tc1

2

R

σ2 (C)
0.0078

Chi2 (C) = 112 942
 Incertitude = σ2(C) - σ2(A) = 0.0078 – 0.0064 = 0.0014
σ2 = 0.0064(14)
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Table B.26, Table B.27 and Table B.28 indicate the incertitude on σ2 (Tc-S) = 0.0064
to be 0.0014.
Table B.29. Fitting parameters used to determine the incertitude for the path Tc-Tc1, giving
Chi2 (B), sample B

CN
Tc – S

6

Tc – Tc1

0

R

σ2

0

0

Chi2 (B) = 514 558
 10% = 51 456
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 71 501

Table B.30. Fitting parameters used to determine the incertitude for the path Tc-Tc1, giving
Chi2 (C) and the incertitude on sigma2, sample B

CN
Tc – S

6

Tc – Tc1

3

R

σ2 (C)

0.0084
Chi2 (C) = 71 236

 Incertitude = σ2(C) - σ2(A) = 0.0084 – 0.0059 = 0.0025
σ2 = 0.0059(25)

Table B.26, Table B.29 and Table B.30 indicate the incertitude on σ2 (Tc-Tc1) =
0.0059 to be 0.0025.

B.2.4.

K2TcCl6 + H2S (sample C)

Table B.31. Best fitting parameters (used in the paper). S02 = 0.9 FT = 2-12. Giving Chi2 (A),
sample C
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CN

R

σ2 (A)

Tc – S

6

2.38

0.0087

Tc – Tc1

2

2.80

0.0065

Chi2 (A) = 29 786

Table B.32. Fitting parameters used to determine the incertitude for the path Tc-S, giving Chi2
(B), sample C

CN

R

σ2

Tc – S

0

0

0

Tc – Tc1

2
Chi2 (B) = 1 439 188
 10% = 143 919
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 173 705

Table B.33. Fitting parameters used to determine the incertitude for the path Tc-S, giving Chi2
(C) and the incertitude on sigma2, sample C

CN
Tc – S

6

Tc – Tc1

2

R

σ2 (C)
0.01

Chi2 (C) = 166 222
 Incertitude = σ2(C) - σ2(A) = 0.01 – 0.0087 = 0.0013
σ2 = 0.0087(13)

Table B.31, Table B.32 and Table B.33 indicate the incertitude on σ2 (Tc-S) = 0.0087
to be 0.0013.
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Table B.34. Fitting parameters used to determine the incertitude for the path Tc-Tc1, giving
Chi2 (B), sample C

CN
Tc – S

6

Tc – Tc1

0

R

σ2

0

0

Chi2 (B) = 857 363
 10% = 85 736
 Needed Chi2 value = Chi2 (A) + Chi2 (B) = 115 522

Table B.35. Fitting parameters used to determine the incertitude for the path Tc-Tc1, giving
Chi2 (C) and the incertitude on sigma2, sample C

CN
Tc – S

6

Tc – Tc1

3

R

σ2 (C)

0.0091
Chi2 (C) = 116 071

 Incertitude = σ2(C) - σ2(A) = 0.0091 – 0.0065 = 0.0026
σ2 = 0.0065(26)

Table B.31, Table B.34 and Table B.35 indicate the incertitude on σ2 (Tc-Tc1) =
0.0065 to be 0.0026.
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APPENDIX C : UV-Visible spectroscopy study

Sample preparation for kinetic studies in solution for the reaction of (Bu4N)TcO4
with (Me3Si)2S. Solutions of (Bu4N)TcO4 was prepared in acetonitrile, as well as two
solutions of (Me3Si)2S at 0.0948 mol/L and 0.1896 mol/L. Various molar ratios [Tc:S = 1:
5, 20, 100, 200, 250] were used for the kinetic experiments. The evolution of the
solutions was followed by UV-Visible spectroscopy. The molar ratio Tc:S = 1:200 was
analyzed by ESI spectrometry.
For the UV-Visible study, the (Bu4N)TcO4 solution were mixed with necessary volume
of the (Me3Si)2S solution in a 20 mL glass vial (Table C.1). The solution was stirred and
1.5 mL was taken and put in a quartz cuvette (10 mm) for analysis between 190 and 800
nm with an acetonitrile/air baseline correction.

Table C.1. Volume of (Me3Si)2S used to make different ratios Tc:S with (Bu4N)TcO4 in MeCN

Tc:S

1:5

1:20

1:100

1:200

1:250

Volume TcO4- (1.6x10-3 mol/L)

2.5 mL

-

-

-

-

Volume TcO4- (1.23x10-4 mol/L)

-

2.5 mL

-

-

-

Volume TcO4- (1.92x10-4 mol/L)

-

-

3.5 mL

2.5 mL

1.5 mL

Volume (Me3Si)2S (0.0948 M)

203 μL

65 μL

709 μL

-

-

Volume (Me3Si)2S (0.1896 M)

-

-

-

506 μL

380 μL

In the UV-Visible spectra, the TcO4- bands

[152]

at 244 and 288 nm could be clearly

observed. When the (Me3Si)2S solution was added the spectral signatures changed over
time. A peak appeared at 360 nm and was stable a short amount of time.
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For the ratio Tc:S = 1:5, no drastic changes were observed. The TcO4- peaks slightly
changes and the peak at 360 nm had a small absorption and was stable only for
approximately 15 minutes (Figure C.1).
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Figure C.1. Reaction between (Bu4N)TcO4 and (Me3Si)2S in MeCN, ratio Tc: S = 1:5

Higher ratios were studied and their UV-Visible spectra are presented in Figure C.2,
Figure C.3, Figure C.4 and Figure C.5. First, the absorption for the TcO4- peaks were
higher until the curve described undefined peaks slightly shifted to lower wavelengths.
Concerning the peak at 360 nm, it was stable for approximately 30 minutes for ratio Tc:S
= 1:10, 1:100 and 1:200. For the ratio Tc:S = 1:250 the 360 nm peak was stable only
during the 10 first minutes. Over time, the profile of the absorption gradually became
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smoother leading to a large band with no information whether the unknown product
was still present in solution.
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Figure C.2. Reaction between (Bu4N)TcO4 and (Me3Si)2S in MeCN, ratio Tc: S = 1:20
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Figure C.3. Reaction between (Bu4N)TcO4 and (Me3Si)2S in MeCN, ratio Tc: S = 1:100
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Figure C.4. Reaction between (Bu4N)TcO4 and (Me3Si)2S in MeCN, ratio Tc: S = 1:200
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Figure C.5. Reaction between (Bu4N)TcO4 and (Me3Si)2S in MeCN, ratio Tc: S = 1:250
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Sample preparation for kinetic studies in solution for the reaction of (Bu4N)TcNCl4
with (Me3Si)2S. A 8.25×10-5 mol/L solution of (Bu4N)TcNCl4 was prepared in acetonitrile,
as well as two solutions of (Me3Si)2S at 0.0474 mol/L and 0.1896 mol/L. Various molar
ratios [Tc:S = 1: 5, 20, 50, 100, 200, 500] were used for the kinetic experiments. The
evolution of the solutions was followed by UV-Visible spectroscopy. The molar ratio Tc:S
= 1:20 was analyzed by ESI spectrometry.
For the UV-Visible study, 2.5 mL of the (Bu4N)TcNCl4 solution (0.206x10-3 mmol)
were mixed with necessary volume of the (Me3Si)2S solution in a 20 mL glass vial (Table
C.2). The solution was stirred and 1.5 mL was taken and put in a quartz cuvette (10 mm)
for analysis between 190 and 800 nm with an acetonitrile/air baseline correction.

Table C.2. Volume of (Me3Si)2S used to make different ratios Tc:S with (Bu4N)TcNCl4 in MeCN

Tc:S

1:5

1:20

1:50

1:100

1:200

1:500

Volume (Me3Si)2S (0.0474 M)

21.7 μL

-

-

-

-

-

Volume (Me3Si)2S (0.1896 M)

-

21.7 μL 54.25 μL 108.6 μL 217 μL 543 μL

In the UV-Visible spectra, the starting compound bands were observed at 463, 404
and 297 nm [76] but also at 232 nm and 201 nm. When the (Me3Si)2S solution was added
the spectral signatures changed immediately. The peaks at 463 and 404 nm decreased
and ultimately disappeared. The peaks at 297 and 232 nm increased until the spectrum
described an uprising curve. The peak at 201 nm changed drastically immediately having
an important absorption even when the solutions are diluted.
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Over a period of one hour except the peak at 201 nm no drastic changes were
observed on the UV-Visible spectra for a small ratio of sulfur (Figure C.6). After several
days, the color of the solution became darker (i.e., light brown) and the spectra
exhibited an upward curve with only the peak around 201 nm.
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Figure C.6 Reaction between (Bu4N)TcNCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:5

When the quantity of sulfur was raised (ratio Tc:S = 1:20), different changes in the
UV-Visible spectra were observed only after 25 minutes of reaction (Figure C.7). Peak at
463 and 404 nm decreased, while peaks at 297 and 232 nm started to disappear. The
peak at 201 nm described the same behavior as for ratio 1:5. After 3 days of reaction,
the solution was brown and cloudy explaining the absence of any spectral signature on
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the curve. By diluting by 10 the solution only two peaks were observed at 228 and 202
nm, while after 13 days of reaction only the peak at 201 nm appeared.
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Figure C.7. Reaction between (Bu4N)TcNCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:20

The reaction was even faster for Tc:S = 1:50, 1:200 and 1:500, Figure C.8, Figure C.9
and Figure C.10 respectively. But the same spectral signatures were observed as in the
previous experiments. After few days of reaction it was necessary to dilute the solutions
to observe any peaks under 300 nm. For the last scan taken, two new peaks appeared
around 225 nm and 265 – 275 nm.
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Figure C.8. Reaction between (Bu4N)TcNCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:50
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Figure C.9. Reaction between (Bu4N)TcNCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:200
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Figure C.10. Reaction between (Bu4N)TcNCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:500

Sample preparation for kinetic studies in solution for the reaction of (Bu4N)TcOCl4
with (Me3Si)2S. A 8.95×10-5 mol/L solution of (Bu4N)TcOCl4 was prepared in acetonitrile,
as well as a solution of (Me3Si)2S at 0.1896 mol/L. A molar ratios [Tc:S = 1: 10, 50, 100,
500] was used for the kinetic experiments (Table C.3). The evolution of the solutions
was followed by UV-Visible spectroscopy between 190 and 800 nm with an
acetonitrile/air baseline correction. It has been noticed that when the Tc solution was
prepared in advanced in MeCN the UV-Visible spectra are slightly different, while the ESI
spectra are very similar. It was noted in previous studies that TcOCl 4- after a day in
MeCN forms various complexes in solution.

200

Table C.3. Volume of (Me3Si)2S used to make different ratios Tc:S with (Bu4N)TcOCl4 in MeCN

Tc:S

1:5

1:10

1:50

1:100

1:500

Volume (Bu4N)TcOCl4

2.5 mL

2.5 mL

2.5 mL

1 mL

1 mL

Volume (Me3Si)2S (0.0474 mol/L)

23.6 μL

47.2 μL

-

-

-

Volume (Me3Si)2S (0.1896 mol/L)

-

-

59.1 μL

47.2 μL 236 μL

In the UV-Visible spectra, the starting compound has bands [156] at 390, 302, 220 and
201 nm. After addition of the (Me3Si)2S solution the spectral signatures changed
immediately. The characteristics TcOCl4- peaks disappeared, small bumps appeared at
395 and 334, a peak/bump at 240 nm and ultimately disappear and a peak with high
absorption around 215 nm increased over time with a shift to higher wavelength. Over
time, the profile of the absorption gradually became smoother leading to a large band
with no information whether the unknown product was still present in solution.
The various ratios studied are presented from Figure C.11 to Figure C.18.
Concerning the analyses using fresh TcOCl4- solutions the initially spectrum is
different: the peak at 216 nm is lower in absorbance. The reaction with (Me 3Si)2S
seemed to be kinetically slower, but the overall absorbance spectra are very similar.
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Figure C.11. Reaction between (Bu4N)TcOCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:5
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Figure C.12. Reaction between (Bu4N)TcOCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:10
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Figure C.13. Reaction between (Bu4N)TcOCl4 - fresh solution - and (Me3Si)2S in MeCN,
ratio Tc:S = 1:10
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Figure C.14. Reaction between (Bu4N)TcOCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:50
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Figure C.15. Reaction between (Bu4N)TcOCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:100
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Figure C.16. Reaction between (Bu4N)TcOCl4 - fresh solution - and (Me3Si)2S in MeCN,
ratio Tc:S = 1:100
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Figure C.17. Reaction between (Bu4N)TcOCl4 and (Me3Si)2S in MeCN, ratio Tc:S = 1:500
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Figure C.18. Reaction between (Bu4N)TcOCl4 - fresh solution - and (Me3Si)2S in MeCN,
ratio Tc:S = 1:500
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APPENDIX D : Density Functional Theory Analysis on TcO3S- by Dr. Weck

A search for candidate molecular complexes responsible for the spectral signatures
observed in the recorded UV-Visible spectra was carried out using density functional
theory (DFT) for structural optimization, followed by time-dependent density functional
theory (TD-DFT) calculations of the oscillator strengths and transition energies
associated with the relaxed complexes. This approach was used successfully in previous
studies on the speciation of technetium in sulfuric acid.[119]

The equilibrium geometry of the TcO3S- complex computed at the B3LYP/SDD level
of theory is depicted in Figure D.1. This complex possesses the C3v symmetry with three
short Tc=O bonds of 1.75 Å forming the TcO3+ core and one Tc-S bond of 2.21 Å. For the
sake of comparison, additional calculations were performed at the same level using the
PBE0 hybrid functional and yielded only slightly shorter Tc=O and Tc-S bonds (i.e., 1.73
and 2.19 Å) respectively. Similar geometry optimization calculations carried out at the
B3LYP/SDD and PBE0/SDD levels for TcO4- (Td symmetry) resulted in bond lengths of
1.75 and 1.74 Å, respectively. Structural relaxation of TcO3S- and TcO4- using a
polarizable continuum model (PCM) for the acetonitrile solvent produced only minute
differences compared with gas phase optimization.
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Figure D.1. Equilibrium structure of the TcO3S- complex (C3v symmetry) calculated with DFT at
the B3LYP/SDD level of theory

Note: Color legend Tc: cyan, O: red and S: yellow.

Using the Hirshfeld partitioning of the electron density,[170] the partial charge carried
by the Tc, S and O atoms in the TcO3S- complex are found to be + 0.189, - 0.313 and 0.292 e, respectively; in TcO4-, the computed charges of Tc and O are + 0.286 and -0.321
e. As a result of the substitution of O for S, less electronic charge is transferred from Tc
to the surrounding atoms, consistent with the decrease in electronegativity (i.e., from χ O
= 3.44 to χS = 2.58 in Pauling units

[171]

) and the increase of the atomic radius down

Group 16.

The electronic structure of TcO3S- reflects the C3v symmetry of this complex, with
doubly-degenerate molecular orbitals (MOs) for the E representation and nondegenerate MOs belonging either to the A1 or A2 representations of this point group
(Figure D.2; all non-degenerate energy levels represented are part of the A1
representation, except for HOMO-2 which is A2). The calculated HOMO-LUMO energy
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gap is 3.79 eV at the B3LYP/SDD level, smaller than the one of TcO 4- (5.15 eV) but
significantly larger than the gap of 6-coordinate Tc complexes (typically around 1-1.5
eV).172

Figure D.2. Schematic energy-level diagram of the highest-lying molecular orbitals of the C3v
symmetry TcO3S- complex calculated at the B3LYP/SDD level of theory

As shown in Figure D.2, the highest-occupied MOs ranging from the HOMO to the
HOMO-6 are essentially ligand-localized, with predominant p-orbital contributions from
the S atom (HOMO, HOMO-1 and HOMO-3) or from the oxo ligands of the TcO3+ core
(HOMO-2, HOMO-4, HOMO-5 and HOMO-6). The lower-lying occupied MOs feature a
significant level of hybridization between Tc 4d (4dz2 in HOMO-7 and 4dxz/4dyz in HOMO8/HOMO-9) and O 2p orbitals, with only a modest S 3p character (HOMO-7). The Tc 4d
and O 2p orbitals of the TcO3+ core play a crucial role in the construction of the lowest208

lying unoccupied molecular orbitals of TcO3S-, with also some limited S 3p contribution
in LUMO to LUMO+3 and in MOs higher than LUMO+5. The combination of ligandlocalized occupied MOs and low-lying unoccupied MOs with marked Tc 4d character
points to ligand-to-metal charge transfer (LMCT), i.e., O 2p  Tc 4d or S 3p  Tc 4d
transitions.

Oscillator strengths and excitation energies to the lowest-lying virtual orbitals of the
TcO3S- and TcO4- complexes were computed using TD-DFT at the B3LYP/SDD level with a
polarizable continuum model (PCM) for the acetonitrile solvent. Transition energies and
oscillator strengths for TcO4- and TcO3S- computed using time-dependent density
functional theory (TD-DFT) at the B3LYP/SDD level of theory using a polarizable
continuum model (PCM) for the acetonitrile solvent were calculated. The composition of
individual excitations is also reported in terms of major one-electron transitions
between the molecular orbital levels schematically represented in Figure D.2.
Theoretical results are reported in Figure D.3 along with the experimental spectrum at t
= 32 min (Table D.1 and Table D.2 for numerical values).
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Table D.1. Transition energies and oscillator strength for TcO3S- computed

Transition energy
[nm]

[eV]

459

2.70

365

3.40

342

3.63

303

4.09

292

4.25

Composition of major bands
(HOMO, H-1)(LUMO, L+1)
H-1LUMO; HOMOL+1
H-3L+2
H-2(LUMO, L+1)
(H-4, H-5)(LUMO, L+1)
H-3(LUMO, L+1)
(H-4, H-5)(LUMO, L+1)
H-5LUMO; H-4L+1

Oscillator
strength
0.0014
0.0702

0.0029

0.0014
0.0028

(H-4, H-5)(LUMO, L+1)
273

4.55

H-6(LUMO, L+1); H-3(LUMO, L+1); H-2 (LUMO,

0.0058

L+1); (HOMO, H-1)L+2
253

4.90

H-1L+3; HOMOL+4
H-3L+2

0.0125

H-6(LUMO, L+1)
250

4.96

(H-4, H-5)(LUMO, L+1); (H-4, H-5)L+2; H-2 (L+3,

0.0089

L+4, L+5)
214

5.80

(HOMO, H-1)L+5

0.0267

H-2L+3; H-2L+4
211

5.88

H-6(L+4, L+5); (H-4, H-5)L+3; H-4L+2; H-4 L+4,

0.0080

H-6L+3; H-5L+2, H-5L+4,)
204

6.08
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6.30

H-6L+2; H-3L+2
H-3(L+3, L+4)
H-5 (L+3, L+4)

0.0506
0.0018

(H-8, H-9)(LUMO, L+1); H-7(LUMO, L+1); H-6 L+4;
187

6.64

H-6L+3; (H-4, H-5)L+3; (H-4, H-5) L+4; H-3L+4;
H-3L+3
210

0.0011

186

6.67

183

6.78

181

6.86

H-6L+2; H-1L+7; HOMOL+8
H-3L+2
(HOMO, H-1)L+6
(HOMO, H-1)(L+7, L+8)
(H-8, H-9)(LUMO, L+1); H-7(LUMO, L+1)

0.2244
0.0072
0.0114

Table D.2. Transition energies and oscillator strength for TcO4- computed

Transition energy
[nm]

[eV]

302

4.11

Composition of major bands
HOMOLUMO; (H-1, H-2)L+1; H-5L+1
(H-1, H-2)LUMO; (H-3, H-4)LUMO; (H-3, H-4) L+1

Oscillator
strength
0.012

H-5L+1; (H-3, H-4)LUMO
249

4.98

(H-3, H-4)L+1; HOMOLUMO; (H-1, H-2)L+1;
(HOMO, H-2)L+2; (H-1, H-2)L+4; (HOMO, H-1)

0.0173

L+3; (H-1, H-2)LUMO
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5.94

(HOMO, H-2)L+2; (HOMO, H-1, H-2)(L+3, L+4)
(H-4, H-5)L+2; (H-3, H-4, H-5)(L+3, L+4)

0.0079

H-6(L+3, L+4); (H-4, H-5)L+2, (H-3, H-4, H-5) (L+3,
177

7.01

L+4); H-6L+2

0.0008

H-9L+1; (H-10, H-11)LUMO
H-9L+1; (H-10, H-11)LUMO; H-6(L+3, L+4); H166

7.48

6L+2

0.0004

(H-10, H-11)(LUMO, L+1); (H-3, H-4, H-5)L+5
(H-3, H-4, H-5)L+5
165

7.52

(H-9, H-10, H-11)(LUMO, L+1); (HOMO, H-1, H-

0.0009

2)(L+6, L+7, L+8); (H-3, H-4)L+5
Note: Major one-electron contributions to the bands are indicated in bold front for
both tables
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The major bands of TcO3S- are computed to be at 459, 365, 273, 253, 250, 214, 211,
204, 186, 183 and 181 nm, in close agreement with experimental features observed. For
most of the bands, calculations show a combination of one-electron transitions from
occupied S or O ligand-based MOs into the virtual Tc metal-localized MOs (Table D.1). In
particular, the distinctive band at 365 nm originates from intense H-1LUMO and
HOMOL+1 transitions, with some minor H-3L+2 contribution; pure (HOMO, H1)(LUMO, L+1) transitions are also responsible for the weak spectral signature at 459
nm. The band at 273 nm stems mostly from (H-4, H-5)(LUMO, L+1) transitions and
contributes in part to the formation of the broad experimental shoulder centered
around 278 nm, in conjunction with the intense band of TcO4- at 302 nm corresponding
essentially to one-electron t1e excitations between frontier MOs (Table D.2). The
bands of TcO3S- at 253 nm (H-1L+3; HOMO L+4) and 250 nm [H-6(LUMO, L+1)]
nearly coincide with the intense band of TcO4- at 249 nm [H-5L+1; (H-3, H-4)LUMO]
and constitute together the most intense peak recorded around 248 nm. The bands of
TcO3S- predicted to be at 214 [(HOMO, H-1)L+5], 211 (H-2L+3; H-2L+4), 204 (H6L+2; H-3L+2), 186 (H-6L+2; H-1L+7; HOMOL+8), 183 [(HOMO, H-1)L+6]
and 181 nm [(HOMO, H-1)(L+7, L+8)] could not be clearly observed experimentally
near the short-wavelength limit of the spectrophotometer.

Detailed information on the one-electron excitations composing those bands, as well
as weaker bands, are reported in Table D.1.The overall good agreement between the
calculated oscillator strengths/excitation energies of TcO3S- (and TcO4-) and the
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experimental spectrum confirms that TcO3S- is likely the species formed after reaction of
TcO4- with (Me3Si)2S at room temperature.

Figure D.3. Comparison between computed and experimental data for UV-Visible data

Note: Red vertical bars: Oscillator strengths for the C3v-symmetry TcO3S- Black vertical bars: Td-symmetry TcO4- Dashed lines: simulating spectral lines from the computed oscillator strengths with
Lorentzian functions and full-width-at-half-maximum parameter of 15 nm
- Solid blue line: UV-Visible spectrum obtained after reaction of (Bu4N)TcO4 with
(Me3Si)2S recorded at t = 32 minutes
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